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Preface 


The preparation of this text desijiiieil for students in elementary genetics 
grew from the experience of teaching the subject over a number of years 
and has been written with the interest of the student in mind. The objectives 
of having the students understand the ba.sic principle.s and the difficulties 
they encountered have been fundamental in the endeavor to present the 
subject with clarity and in logical seciuence. The purpose has been to 
emphasize the long-accepted genetic concepts as well as to present more 
recent advances in the field. 

The aspects of genetics may perhaps be considered under the following 
headings : 

I. The Phy.sical Ba.sis or Cytogenetics in the Transmission of Ib'reditary 
Units or Genes, and 

II. The Xature and Actions of the Cenc-; in the I)e\'elo]tment of 
Characteristics. 

The first of these categoric.", often referred to as "Classical Genetics" 
includes studies of Chromo.'omal Behavior i-ouceriu'd with the transmission 
of the genes from one generation to am.ither. While some of this material is 
relatively old. dating from the rirsr decade of the 20th century, much is 
comparati\'ely recent. The newer parts of the phy.sical basi.s, often called 
Cytogenetics, include .studies in hetei'oploidy. involving the influence of 
varying chromo.somal numbers in the chwelopmeut of characteristics in 
!i\dng organisms, chromo.sume .structure, and chromosomal aberrations and 
possibly mutations, invoh'ing the nature ot the gene. 

Actually, all chromosomal behavior in heredity is properly included in 
cytogenetic.". fC'eu consideration of the separation of the two members of a 
pair of homologous chromosomes leading to the segregation of allelic genes 
mav be considered as cytosrenetics. The.se topics are tundamental and are 
still the subject of acti\-e re.search. The information gained in the broad 
a.spect.s of cytogenetical research constitutes a great accumulation of 
knowledge in genetics. Regardless of how old or how "classical this ma- 
terial may be it is ba-ie to any di'cu-sioii of genetics and is especially impor- 
tant ill a textbook written for beiiinmna -iinlent'. 

Although most of tile hiahly impoitant but -till meager iiiiormation on 
the nature and action of gent-' is new. the problem ot a:i-ne action is as old or 
even older than the science of genetics. Darwin and eismunn were eon- 
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ceriied with the topic. Even in the simplest cases of inheritance the idea of 
dominant and recessive characters was encountered. Very early the C|uestioii 
arose of how one gene can act to develop a dominant trait and its allele to 
determine the recessive character. Another question long in the minds of 
biologists is that of the relationship of a gene transmitted to the zygote 
through one of the gametes and the subsequent appearance of the trait it 
determines in the organism. These matters were and still are part of the 
topic of the nature of the gene and the question of how genes act. In answer 
to these (piestions almost nothing has been known until recently, when, in 
response to intensive re.search. certain features of gene action have come to 
light. Some of these facts have to do with the development of structures and 
organs in plants and animals; the.se aspects of the .subject from the material 
of “Developmental Genetics.” 

In other cases, the facts have to do with the relationship of genes to 
specitic chemical reactions or to a series of reaction.s. .Some of the gene ac- 
tions are related to the chemical reactions involved in the pr(xIuction of 
colors in plants and the coats of animals, other.s to the development of 
.specific proteins, enzymes, vitamines. or antigens. This material forms the 
a.'pects (jf the subject currently referred to as “ Physiological" and ‘'Bio- 
chemical Genetics.” Regardle.ss of the de.signation this is all part of the more 
comprehen.'i\ e topic of the Nature and Actiijii of the Gene in Heredity and 
1 )evel( ipment. 

.\s with till.' chrornocomc ba-^i-; of heredity ami cytogenetics, gene actiijii 
mu.-'t also be con.-iilered in anv general disciis'ion of genetics and ref('rences 
to both occur throughout thi‘ volume. 'Whereas the physical basis of heredity 
and cvtogenetics and gene action con.stitute two aspect' of genetics they are 
not mutually exclu'ix'e; they are complementary and both are es.'cntial to 
the development of knowleilge of heri‘(lity. 

( )rgani/ation ot a mami'cript otten is the result ui compromise between 
a number of different sequences, each ot which has some reasonable jusTiti- 
I'ation. 'I'he order followeil here ha.' bemi adopted with the hope ot furnishing 
the reader with a foundation tor a relation'hiji between knovui c\-to!ogii-al 
.'tnictures and the physiological processes leading To genetic coii,se(|uences. 
The attempt has been made to present the maji.ir treatment of a topic in 
one place, though there may be and often are repeated references to it 
elsi'where. 

For students ade<piatelv grounded in biology, the whole of Section 1. The 
Biologii al Background of < 'lenetics may be omitted from chi'S consideration 
and Used only for reference. In the experience of the senior author there were 
few students -uthcientlv well [U'epared to omit, thi' material. Some instnic- 
tot' may preier to coH'iiler the topii-s. gene ai-tion and interai-ri. m . immedi- 
.iiely follo\\i>ig meiidelian heiodity In s,[,-h cast-, -im-e the sortion- are 
hirgeh units. Seetion if. Linkage and Cros.^ing Over may l.e inteivliauged 
with Section f ot even follow Section Influence of Mnltiph- Gene.s in 
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Development of Heritable Characters. ^Yith this changed sequence, modified 
ratios will follow immediately after the discussion of mendelism. Other 
changes in the order of presentation may occur to individual instructor.s. 
while some may prefer to omit certain sections or chapters. Teacher.s of 
purely agricultural courses might wish to di.spen.se with Section 10, Twins and 
Human Heredity, while in cour.ses for students interested in the human 
animal, this .section would have considerable interest. 

The illustrations have all been designed or .selected to amplity the dis- 
cussion and to aid the student in vi.sualizing the subject mattf-r. Examples 
in the text as well as the illustrations have been chosen to clarity the prin- 
ciples of heredity. 

The examples and illustrations u.sed in the text as well as the problems 
and questions are abotit (Miually balanced between the plant and animal 
kingdoms. Research has ob\'iou,^ly been conducted either from the plant or 
animal standpoint, but the problems it was designed to solve are not re- 
stricted to one or the other. Xeverthele.ss, attempts have bet'ii made to 
appeal to the intere.sts of .stinlents in both tiehh by including discussions of 
applicability to both plants and animals. 

In the preparation of the manuscript the authors have received generous 
assistance from others. Drafting tor illustrations 33, 4.5, 47, 4!). .51 to 58, 63. 
8.5, 87, 92. 96, 97, 102. 111. 1 L4, and 119 wa> done })y Paul Blasingame: 
drawing for figures 30, 31 , 46, ti4. li.), (•>. i6, </. 174, li.5aiid 181 was done by 
Philip Rogatiii ; for figures 24, 26, and 118 by Alb(*rt H ildel )randt : 1 or figures 
32. 43. 116 and 120 by Elsie McDougle; and for tignn's 29 44. .50. 108, 109, 
and 171 by Kathrvn Popp. For assistance with photography thanks are due 
to H. W. Thurston. .Tr. and Homer L Grotan The source of other photo- 
graphs i.s acknowledged in the legends, tor assistama* with the manuseripf 
we wish to e.xpress our gratitude to Virginia Penrod and Kathryn Popp. For 
treijuent con.sultation our thank' go to .lames P. Kelly. .Vmong those who 
have read portions of the manuscript wc should like to mention with appreci- 
ation W. G. DonaUKon, .lulia M. Haber. Mary Hawthorne. Charles Rick, 
and Martha Ovcrholts Ri'T. The .'Ugge.'tions of R. E. Dengler, .1. Burne 
Helme. H. 5V. Popp, and Karl Sax on matters of terminology have been 
infa>rporatcd in wirious portions oi the text. .Vnd especialK ve vish to 
acknowledge the constructive criticism and helpful advice of tiie following 
HI coiiucctioii With s) >nie oi the chiipter.s in theii .'pecial tield.s. .V. K. Ander- 
son. S. S, Atwood. A. F. Blakcslee. Kenneth (4. Brown. 5.F A. Farrell, R. .1. 
Garber. Martha .layne. D. F. .bmes. .lames P. Kelly, Harold .1. Miller. 
W, M. ivlyers. IF H. Newman. F. L. Nixmi, .lohii R. Shuman. H. W. 
Thurston, Jr., H. A. M'ahl. and A, S. Wiener The chapter on Population 
F.cnetics wa.' written by Heiir\ R. Furtmaiiii. 
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section I 


The Biological Background of Genetics 


The term genetics, applicil to one of the biologii-al 'cieni-e-', denveil from the 
Greek language and means th.e science of being bom oi coming into being. It is 
concerned with heiedity and deals with inheritance in the hiimaii lace as well as in 
plants and the lower animals. Genetics has aesthetic ami economic as well as personal 
and scientific appeal. Be.sides having an interest in iiilieiitance in one's own family, 
many persons as amateuis or ])rofessionals are intere'teil in growing jilants and 
rearing animals, and some of them are keenly aware of the role of licredity in the 
success of their efforts. 

Heredity in a restricted aspect is generally iim.ler'tood to be the tmulency of off- 
spring to be like their parent- But many variation> am! divergem■e^ us well a.s 
resemblances among lelateil oiganisiii- are likewise inherited. ( lenetics, involving 
the study of descent and relationships or individual.', seek-, therefore, to account for 
all inherited characteristics that living organisms show. 

It is emphasized throughout this di-cU'-ion that genetics ha- been developed as a 
result of the use of the e.\])erimcnt:d method ( )ne aspci t i- tlie analysis of breeding 
data resulting from self-fertilization. cro-.— feinhzatioii, and selection in living 
organisms. Another is a study of cel!'. cbri'iiKisome.' ami nuclear divi-ions revealing 
the phvsical basis of heredity. In tin- jiha-e. teehiiiqiiO' and metlnid' of geneties and 
its related biological -cieiice, cytology, have been romhined into a very productive 
science called cytogenetics. Recently invr— tigatioiis have I'ceii directed toward the 
solution of tlic problem of gene ai Tii>n in the development heredity traits, .\ttempts 
are being made to learn how gem-' individually and collectively, exeit llieii influence. 

Although mo-t stmlents umierTaking the foima! consideration of genetic- liave 
already made some studs' ol cdl -tiuctuie and hie hi-toiic- oi plants ami animals in 
other bicihtgical -uidects. tlie lact- and principle- are tiiten lemembfo'ed only vaguely 
or jierhap- comjiletelv lorgotten. iMatciial in Cliajiter- 1 ami 2 l.a- tiecn a'-emlded to 
orovide a bai'kgrouiid lU t)ic)!ogiral tact- loi stud.f'iiT- l>cginning rhe -tuuy oi genetic-. 
For students with adeiiuate pienaiatioi, iii luology. j.eiliap- tiii- matciial may be 
omitted from immediate (.oiisi.ieiaf.on. 
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chapter I 


Cells, Chromosomes, and Genes 


Early studies in heredity were undertaken without adequate knowledge 
of the cell with its nucleus, chromosomes, and the all-important hereditary 
units, or genes, contained in them. Extended iuve.stigations of cell structure 
more recently undertaken have yielch'd invaluable data on the nature of the 
cell and its parts. The following pages contain a brief outline of cell structure. 

The Cell 

Small individual units called cells are generally recognizable in plant and 
animal tissues. Althotigh most cells are of microscopic proportions, some 
plant cells are large enough to be >eeii without magniiicatioii Certain 
specialized structures such as the eggs of birds are extremely large, single 
cells. A typical cell consists of the living protoplast, the inniliving vacuome 
or system of vacuoles, and the surrounding protective membrane or cell 
wall ('Fig. Ij.* 

THE PROTOPLAST. The protoplast, composed of the living material, 
protoplasm, is the organized working unit or protopla.-^mic system. Proto- 
plasts are structurally differentiated into nucleus or karyosome and cyto- 
some or cytoplast. The protopla'inic material.■^ cumjjo.'ing the.^e .'tructurc.^ 
may be regarded as nucleoplasm and cytoplasm. 

* consideration of cell .structure and cell actlVltle^ luvolvi s ditficultie.-, a-sociated 
with the controversial interprcrao.on-i of many topii'- whii-ii have heen pre--nted by 
various investigator^ during the la-^t century. Factor' leading to the.'e ronirover.-ie' are: 
'1. the siuali size of the cell and it- part', many of which aie near the liriiit' of iiucro- 
;copic vi'ilulity, and 2' dUhculTie- in re.-oiicihiig the true nature of luurig -tructures with 
their appearance in perinanent. stained pre})aration.s. .Viiiorig controc ei-ial topiiw may be 
mentioned the structure and nature o: proiopl.i'i:,. iiieluding that within the nueleu.-, tin- 
pre,,.enee or ab'eiice of a imclear inetiibrane: the ultimate 'trueture- ei the chrciuiosouie- 
with chronioneniata and po'tulated nuitiix the reality of -pindle fiber' a' 'een in 'tained 
preparations of liuuihng nuclei and trie pre'cin c or ab.-eiicc ot cell walb ui aniinai eeil>. 
With these difricuities in mind, the f.illowing bra-f descript.on of the i-ei; , j,, uicier- 
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THE BIOLOGirAL BACKGROrXD OF GEXETIGS 


The XrcLEE’s. The nucleus, an essential cell part, is Typically a globu- 
lar structure, centrally located in most young cells, but generally occupying 
a peripheral position in older vacuolate plant cells. Within the nucleus, stain- 
able material called chromatin, during nuclear di\ isions, appears aggregated 
into organized bodies, the chromosomes. The name chromatin, meaning 
deep-daining mute rial, was applied to this important nuclear substance bv 
early biologists on aecomit of its great affinity for stains they used in prepar- 
ing cells for microscopic ob.'Prvation. The term chromosotne means, literally. 
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rio. 1. Pl.cnt Cr.LL-. 

.4. luw uuit;iiitiruti'>n. l•cll m mie of tiio hrowu alitae, dtiipoi'culnn . showinu- 
nucleus, cytojiki'in. and jda-tid'. H. hiuh luaaudicatioi;. cell from root tip of Xar- 
ciss/ii. showing larae nnclcus, cytoplasm, and mitochondria. (Modifieri after Hill, 
(tvcrholt?, and Popp: •■Botany." 2iid cd.. Xcv. Yoik, Mc( iraa -IIill Book Companv 
10.50.) 


culortd boilg Although chromosomes are not recognizahle as such in all 
cells at all times, they arc regarded as cornpU'te entities i'egai'dle>s of their 
visibility. During stage- of nuclear divi-iou, they appear as detiuitely visible 
bodies of variable .-ize and -haue iTig. 2 audfb In nuclei that are not actively 
dividing, it is generally po-dble to .-ee one or more .small, readily stainable, 
sphtuii'al oodles, the nucleoli * sjj\ireilar. niicli'olusi In sranmtl preparations 
c ji h nu( leolu.s gcnci .ih \ a [ipeai .s .-urri auu led by a clear, unstained region, the 
halo. Besides chromosomes and nucieeili, the nucleus (mntains a stain-resist- 
ant material variously ilesignated as nuclear sap, nurUnr jrJ. or largob/mph 
In addition to its pliy-iolugical importance in the cell, the nucleus plays a 
major role in heredity. 







6 


THE BIOLOGICAL BACKGEOLN'D OF GENETICS 


The Cytosome. Surrounding the nucleus is the largest part of the 
protoplast, the living material of the cytosome or cytoplast. It is designated 
the cytoplasm or cell material to distinguish it from the nucleoplasm or 
nuclear material. Structural differentiations in the cytosome which may be 
recognized are: the plasma membrane, the limiting membrane of the proto- 
plast, and mass of protoplasm compo.sing the cytosome, a group of nonliving 
vacuoles and canal systems that contain water solutions, oil. and other sub- 
stances. The term vacuome has been applied to the system of vacuoles. 
Cells, especially plant cells, frequently contain nonliving substances such as 
mineral crystals, starch grains, food particles, and other by-products of 
metabolic acti\’ities of living protoplasm. These substances are present in the 
cytoplasm and in the vacuoles as inclusions. ALso within the cytosomes of 
both plants and animals are minute, living bodies resembling bacteria in 
size and shape, the mitochondria or chondriosomes. Collectively the mito- 
chondria constitute the chondriome. In plant cells, the cytosome also con- 
tains microscopic bodies, considerably larger than mitochondria. These are 
called plastids, literally small boilirs. On the basis of their contained pig- 
ments, plastids are designated h'urvplasts. chloroplnsts. and chrornoplasts. 
Leucoplasts are colorless bodies; chloroplasts develop the green pigment, 
chlorophyll, that give.s plants their characteristic greeri color; and chromo- 
plasts develop yellow and orange carotenoid pigments. Collectively the 
plastids constitute the plasmon or plastidomr. 

THE CELL WALL. The cell wall is a nonli ving, protective structure 
deposited by the protoplast surrounding the living material. Plant cells 
characteristically have cellulose cell walls, which may be conspicuous, hard, 
and thickened The statement that animal cells do not have walls is often 
made, but some animal cytologists, as Wilson, ha\'e considered walls present 
in animal cells. Whether they be regarded a.s walls or not, outer membranes 
of animal cells are much less conspicuous than tho.-^e of plant cells. 

GROWTH AND MCLTIPLICATIOX OF ('ELT.S AXD CELL PARTS, 
Cells and their component protoplasmic parts, the cytopla.-^m. plastids. 
nucleus, chromo.-omes. and genes, all lia\c capacity for growtli and multi- 
plication. In general, division of the cell and its parts accompanies growth 
(Fig. 2 and t'o. 

.Vn Oltline of the Geli, .cnd It-' Pm-.ts 

Protoplast. The living, working unit or pri.itoplasmi<- .sy,stem made up of 
the li\-ing material, protoplasm 

Xticlf '/s or Central oraaa of the living protoplast composed of 

protopla.'mic material ile.'ignated nucleoplasm 
nr tm rnh’-nn- 
Xi.rholi 

( ' /• ’ iiriKit , n . I hrniiiii.si/iiiK ' 

\ inliiii ijX. I 'll !mr Mt/e (c- I nr, III I/ll jib 
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Cytosome or cytoplast. The living protoplast surrounding the nucleus 
Plasyna membrane . the external layer of the protoplast 
The principal }nass of cytoplasm 

Vacuolar membrane, a cytoplasmic membrane limiting the vacuole 
Plastnon, composed of plastids, especially abundant in plants: 
Leucoplasts 
Chloroplasts 
Chromoplasts 

Chomlriome, composed of extremely small, living structures called 
mitochondria or chondriosomes 

Vacuome or nonliving structures in the cytoplasm, composed of vacuoles 
and canal systems in the cytoplasm and containing water solutions, oil, 
and other substances 

Inclusions, numerous nonliving substances such as mineral crystals, 
starch grains, and other food particles formed by metabolic activities 
of the living protoplast and deposited in the cytoplasmic mass. 

Cell Wall. A nonli\-ing, protective structure formed by activities of the 
protoplast and deposited outside of the living material 


The Chromosomes 

The thought that the chromosomes carry the hereditary units or genes 
and arc distributed to the germ cells by the mechanism ol nuclear divi.sion 
has c(jme to be called the Chromo.some Theory of Hcrc'dity The relationship 
of chromosomes to heredity makes their study of paramount importance in 
genetics. 

CTIROMOSOiME FORINI AND STRl'CTTRE. Chromosomes are 
more complicated structures than was implied in older de-criptii.ui.s of deep- 
staining, rockshaped bodies. Instead of Iwing merely gramilar bodies, 
chromosomes have definite .structural and morphological characteristics. The 
chromosome consists of a central, ililtereiitiated. threadlike portion called the 
chromonema, an enveloping mas.' of chromatin called the matrix surround- 
ing the central thrcail. and. accorditig to some investigators, a thin outer 
sheath or pellicle, the presence of which is generally inferred from behavior 
rather than demonstrated (Fig. 3i. The term chromonema f plural, chromo- 
nemata) is made up of the tlreek words chroma and nt ma meaning colcir 
and thread, respectivelv. and was applied because oi athnity of the chromo- 
nema for certain stains. In favorable preparation'. >mall dense ma'-^es. 
chromomeres (^Clreek jneros, part, and chrvm, colored', may be ob.-^erved at 
irregular intervals in the chromonemata Chromomere literally means the 
deep-staining particle of chritmatin in the chritmonema. 1 he hereditarc 
units or genes are thought to be located in ihC'C chnimomcic' pp 11-14- 
The chromonemata are regarded a-; the mO't important 'tru'-rura, teaiuie.' nt 
chromosomes and are sometime.' called the genonemata or yr m .'.''■o/C'. be- 
cause the genes are associated with them 
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A part of most chromosomes that can be identitied as permanent is a 
small structure in the chromonema called the centromere.* Although the 
term centrtunere means literally the central body, its position is variable in 
different chromosomes. It may be near an end or at any point between 
the two ends of the chromosome. Since the position is normally constant 
for any individual chromosome, it becomes an identifying character. Al- 
though the centromere is .small, its po.sition can frequently be recognized, 
because it is normally located in a narrow place in the chromosome, called the 
primary constriction or the centric const fiction. The parts of the chromosome 



Fig. 3. Di.\gram oi 


C'UUo.MUjo.ML URE. 



between the ceiitroinere and each end are called the arms of the chromosome. 
A lien these are of uneijiial length, they may be relerred to the lunger and 
'horter arms, 

CHIIOMUSOME MOlIPHor.OCiY AXD IXDIVI Dr.VI.ITY. C'hro- 
mo.somes are of micro.'copic -ize but may be relatively large, intermediate, or 
small. They may lie of vanous .shapes; -rraight or rod— haped, twisted or 
spiral, curved, lilanientou.'.. c>r almo-t .spherical liodies Long chromosome.s 
may appear in a \ anety of form- with \'. .1, L, or ( ) common shapes (Fig. 4i. 


’ Nuiiifro’;" tfri".'* ^-n 

^tirat m’ th' p.i Ilf' ut'-TTir,:: r- -piMT 

'ion. kira 'MPT' . ari'l kin- ru'-httr* Whir, 
the t'-riii - . ht laiii.'-*- of t'o- t U'-v 

UFonotbpitriF. p-flvi-ontrl- . et-* 


ii'fi TO •h'-'.^riaT*- r'li-s. i-hroiai t^orual ^rnieture. 
-ti'-. r a’fat [ H'.-iiT, hrmniitf primary foimtric- 
Hi 1.:- n I t I T hni.k nil aiiiiiial Lytoloiry, prefers 
1' rivation t>f a«lj* eiival luriiis aueli acentric. 
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They may be of even thickness throughout their length, or thev may be 
narrow or constricted at some regions. The position of the centromere or 
spindle-fiber attachment, whether near one end of the chromosome or near 
the middle, is an important morphological feature. Among the minor 
features used in identifying chromosomes, con.strictions, terminal knobs, and 
satellites or trabants may be mentioned. Satellites are small, spherical bodies, 
generally attached to the ends of certain chromosomes by a narrow chro- 
matin thread which may be only a very much elongated constriction. Minor 



Fig. 4. Chromosi»mls of the Fowl. 

A, from an emhryfinic testi.~. shouint; two \'-.-;liaped sc.\ clironioMitnes. B. from 
embryonic ovnry. .<how-ini; one sex cliromo.iome. C. from a somatic cell, ex'identlv 
female. The I'hroinosome.s are mimbcrcil in dcccendinsr order of size, with sex chromo- 
somes shown as \' Not all the chromosomes are shown in these diaijrams. Studies 
place the dii'Iciid number at sO for this species J>. the seven larirest chromosomes 
of the fowl have distiiiauishins: characteristics, including length, point of attach- 
ment of the spindle fiber, and relative length of the arms. (Courtesy, F. R. Hutt 
and W. F. l.anioreu.x. modified after tsokolow and Truiniow , from Ihrolitij.) 

morphological features may be constant structures in some chromosomes 
and serve to identify them. Their functions are largely unknown. With the 
above criteria, chromosome morphology has been determined in a number of 
organisms extensively used in gerietical studies Among them are the fruit 
fly. Drosophila: the Jinison weed, Datura: Crepis; Indian corn or maize: and 
other.s 

CTIR( )M( )S(f)ME NUMBERS. Chromosome numhers are. in general, i on- 
'tant for eai-h species but vary greatly among the many plants and aiiim.ils and arc 
known to Vary even within some species. Chi. ■rimsome number- may be Used as an 
iri'lex of reiationsliip between and within species, .\moiig well-known mammals, till js 
a Common ehrumusome number, although .sfieep are reported to have .44 chrmnosomes 
and man is kno'.Mi to h.ix-e 4 s <.,1110 lower animal- as rurameinum and other similar 
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Table I 

Chromosome Xumbees 

ANIMALS 


Humo sapiens, man 

2X 

48 

Cams fatndiaris. the dog 

2X 

78 

Tatn nnvoninnrtuiv. the armadillo 

2X 

60 

Bos tauni.-.. the ox 

2X 

60 

Capra hircus. the goat 

2X 

60 

Ovis ants, the sheep 

2X 

60 

(Jr is ones, the sheep (Count Ky B(*rryi 

2X 

54 

Eqnus cnballus. the horse 

2X 

60 

Gnnnijs hnrsnnn. the pocket gopher 

2X 

84 

<'ana. the guitif'a pig 

2X 

60-64 

Ltpn.s. the rahhit 

2X 

44 

Marsupials 

2X 

22-28 

Fowls 1 

2X 

36 

also 2X 

80 

Keptile^ 

2X 

48 

Frogs 

2X 

22-26 

Drosophila tiitlanoijaslti . the fruit fly 

2X 

S 

Solinobia ti min h ilia, ont* of the moths 

2X 

120 

Ascans intgalunphnla. var. nnirnlt t"~. one of the ueuiatodes 

2X 

2 

.Isetiri's inftjalorephaln ear. binilr/n one of the neinatode,s 

2X 

4 

Cnnihnris viriHis. one of the Crustaceae estimated, 

.Arteinia, in one parthenogenetie .species of hrine shrimp, 

2X 

200 

estimated 

2X 

11)8 

Ca.sfiniiliiini in/iahlt. one of the rhizopods estimated 

2X 

1500-1600 

Anlai'iinlha .srn! ijoialhn ( stiinated 

2X 

1600 

Parameemni, estiniati d 

2X 

.several hundredi 


Vnit than 

100(1 


PLANTS 


Some species of Fungi 


2X 

4 

''IH' of tli<* liviTu ort-> 


2X 

16 

nidn /v,jv/jn. rh*' royal u-rn 


2X 

44 

(Iphioglossinn. one of the ferns 


2X 

344 

Monis, the iiiulherry of .lapate-se oiigin 


2X 

21 ami IS 

ri’ijr'i. iiiulhriry (*i (. Iiiar'.*- origin • 

stunated 

2X 

221 ami 008 

Kal:iii<'ho( . a iik inl»'T of tbo family ('ra--'' 

ilactxu' c-sTiuiatvd 

2X 

51 Ml 

f -i the li*-nip 


2X 

21) 

H O/ -m-,' j'lUct <’ t' oriO i>\ th*' hop’5 


2X 

It. 

Phlox 


2.\ 

14 

Plsillll the ji' 1 


2X 

14 

iptT'ii on, tin- Tomato 


2X 

24 

y’n 11 '■ I . K. ,/s / // t poT ,aTn 


2X 

Is 

Hat iia Mn* Jin.'oii wu.-h 


2X 

24 

Co f!-'. appi. 


2X 

34 

1‘ in 1 - .a . . e, , a ■ herr\ 


2X 

1 7(.)- 1 80 

( e l> ' • 'Ip' ' n ' OR'’ o: the f,T , 


2X 

h 

on*- o: ti-o l.a-r 


2X 

150 

Vnarri-' tin- pni' .-iiiriif l^hrnl'. tri 

. Tn-s. 

2X 

IhD 

( Vo.-n. CO. t 


2X 

r » 

f.ili ;ni h' 1 - h;y 


2X 

24 

Z.'-T " u- ,s rn- >1 of, 


2X 

20 

Ir-t^.ri'r ' ■ -n .va' r ar 


2X 

42 
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forms have numerous chromosomes, sometimes estimated to be numbered by the 
hundreds, wliile others comparatively low in the scale of evolution as compared witli 
mammals have only a few chromosomes.’ For example, the fruit fly. Drosophila, has 
8, and a nematode worm, Ascaris, has 2 and 4 chromosomes. Akhoujih the range in 
chromosome numbers is not quite so great, conditions similar to those in animals are 
also found in plants. Some plants, low in the scale of evolucion, have only a few 
chromosomes, but small numbers are likewise characteristic of some species in the 
highest order of plants. Among the lowest numbers of chromosomes known for 
plants are 4 in certain fungi, belonging to the Agaricaceae. and 0 in Crepis capillaris. 
belonging to the composites, one of the most highly specialized families of the flower- 
ing plants. At the other extreme of the range of chromosome numbers in plants is the 
estimated number of approximately .300 recently reported for an umietermined 
species of Kalonchoe. a member of the family Cra.s.siilnrtai'. in the angio^pernis. Table 
I presents a restricted list of chromosome numbers known for reiirescntative types of 
animals and plants. 


The Genes 

The hereditary unit.s basic to the rievelopment of contrasting character- 
istic.s, such as tallness ur dwarfness in pea plants, red or blue color.' in 
flowers, gray or black coats in mice, are hn-ated at definite iioint' or loci in 
the chromosomes. INIendel’s de'ignation of the hereditary unit was the 
"determiner of a character.” Later the terms ht nditarij fartur and iinn were 
introduced. Of these, gene is now generally preferred The term gene is 
related to the Greek word genos meaning race, stock, or offspring. Emplui'iz- 
ing the genetical and cytological relation.'hips, another term, allele, pro- 
nounced al-leel'. has come into use. Each member of a pair of genes may 
be referred to as the allele of the other, and the pair termed alleles or allelic 
genes. Alleles are genes occupying corresponding loci in homologous chromo- 
some.s .\llelism is then the conditii:)n of being alloiic. .Vllele and an earlier 
term, allelomorph, with similar connotation, are derived from the ( Ireek 
alleldn. meaning "of one another” or reciprocal. .Vllelism also carries the idea 
of being parallel. Thus the terms nlU logons s and allelosoniic are applied to 
the two members of a pair of homologous chromo'oine.s. 

THE PO.'^ITIGX AXD SIZE (4F (lE.XE.S, Analysis of thnusaTui.s of 
carefully planned genetical cxirerimcnts indicates a linear arrangement of 
the genes in the chromonemata within the chromosome'. Thi- has otren 
been likened to the arrangement of beads on a stfiiig, lienee tin' term 
genonema or "gene .string” sometime' apfilied to the chromonema. ( hro- 
mo'ome maps, based on genetical data, show the re!ati\'e po-irions oi gene- 
in the chromo-sumes of Drosophila, of maize or Indian corn, and other 
orgaiii.sms (p. 1.31), Of the many attempt- to h-arn abour rhe iiiTernai 
structure of chromosomes, none has yet re\’c;i'.ed an idi-iiTiliahle gene Dense 
jiortioiis in the chromonema. the chromomeiv-. are generaily thonghr to be 
the locations of genes. The giant chromo-i'mes in tlie ■^ai'iar , ahii"!.'- ot 

’ AckmiwlericrniPnTs arc due To Dr. Thcophilu- IViirir.-.-, Dr. T. I * h- :. ,ar,d 
IronF' H. C’orov iVir i' to thr* rancTf oi obrrirr.O''rir»iF* rr; r~ ki •: td’' : d 
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Drosophila larvae shoiv series of eonspieuou:^ hands or actually discs ap- 
parently of complex structure (Fig. .5). ()ne of thp>e giant i-hromosomes 
arises as a result of the pairing of two homologues followed by suceessit'c 
longitudinal splittings in the chromonemata without separation of the 
threads. The bands or discs are, therefore, the chromomeres of several or 
many chromonemata and probably represent the location of genes. Actual 
position of the band.s on salivary-gland chromosomes and that of the geneti- 
cally located genes corresponds in many cases. 

To determine the approximate size of a gene, some investigators calcu- 
lated the volume of a chromosome, as for example the X chromosome in 



Fig, 5. S.\i.iv.>lRy C'hrumo.^hmk iv of Dro-ophii.c mf.i.cxoo \-.ter .\xr) thf. Extirf 
CIRoUP or ( hlXl.VL ' .V'L Ml. 1 

Hiith aie sliDWii on the 'lune 'cale In the ironiul uroup the sniull fouith chromo- 
.S()ine< are rciirescnted hy 'iiiall black riot.-- iii 'vhieh no itnictnral details can be 
seen under the highest rnagnifi<-ation. in stiikiiig contia't to tlie wealth oi detail 
vi-^ible in tiie salivary clironiosomes. l('ourte.sy, C. B. Biidi;p>, from ./, Ihrtiliti/. i 

Drosophila, and divided this by the number of gene- postulated for it 
From these calculations, it was determined that the inditddual ayuo' must 
be too small to be seen by the be.-t compound mii-n.i'copc Peu'C and Raker 
in I'.D'.t ptibli-heil result' of their studie- includiiiii micrograph- taken with 
tlie electron microscope that -huwed -hape.- of partiolo- in the bands ot the 
sali varv-gland chromosome,- of Dro-ophila 1 hey tound -piinile— haped 
particles that, tiiey -ay, may i lie at-ne- ,\lthou»h the particle- 

were prevailingly fiat and -pindle-shajied, thcro wric uther fuiin- including 
such as l•lgar-.'haped. aluiiular, and a-yininoriica! budie- 

THE NFIMBER UF CiENEb. In oiaani-m> v.hirli luu'e been the .-ub- 
jeet of exteii-ive genetic experiment,-, reiati\eiy large number- of aeiie- are 
known. I'he oraaiii-m best known oeneticallv i- the fruit t!\- or vinegar Hv, 
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Drosophila melanogaster. The effects of several hundred genes have been 
carefully studied in Drosophila, and considering all the types with their 
alternate multiple allelic forms, possibly as many as two or three thousand 
genes are known. About 400 to .500 genes are known in maize or Indian corn, 
similar numbers in the .Jimson weed. Datura, and more than 100 are identi- 
lied in peas. 

Since the total number of genes in a highly organized plant or animal 
must he large, there has been speculation as to the total number of genes 
in an organism. lYith the number of chromosomes limited in every organism, 
each chromosome carries a large number of genes, in some cases probably 
1.000 or more. Cloweii and (lay have calculated 14.380 as the possible total 
number of gene-' in Drosophila If the fruit Hy has this number of genes, 
what number might be e.xpected in comple.x organisms such as domesticated 
animals? Could man possibly ha\ e im.a-e heretlitary units than the fruit fly, 
Drosophila.^ E.'timates of the number in the human being are based on (1) 
analogy with Drosophila in which the relative lengths and possible numbers 
of gem's of all chromosomes in each organism ar<' compared and (2) knowl- 
edge of the relati\’e rates of occurrence of some lethal mutations. Inde- 
pendent approaches by x’ariuus authors suggest a range (4' number of gene 
loci in man from 20.()()(1 to 42.000. 

THE PHYSICAL AND CHEMICAL NATLliK ( »F THE CENE. 
Much thought and research have been devoted to the jtrol.ilem of the 
physical and chemical nature of the gene Mo.st ima'stigators regard the gene 
as a distinct hereditary unit which is relatively, but not absolutely, stable. 
(.leuo.s may undergo chaagr or mutation, giving rise to alternate or allelic 
forms (p. 38tii, 8ince '■nornuil” gene' are known only through the action.s 
and contrasting influence' of their alleles, it is generally thought that the 
actions of onlv those genC' which hac'P mutated are recognizable. There 
is coii'iderable variation in the frequency of mutation, some genes mutating 
readily, some \ery infrcinieiitly Ccue' which never mutate may remain 
unknown. Perhap' g('iie' may be 'ubject to coii'tant. though slight change, 
but onlv a few of the many mutation' i)roduce recognizable somatic or borly 
changes. 

There ha\e been \-arioU' 'Uggc'tioii' a' to the nature of the genes. They 
are g(‘neraliy thought to tx.* (>l moic'cular ord(‘i. ^omc woikcis po'tulate that 
genC' are large .'ingle organic molecule', aiutl itthei' that thev are gtoujts ot 
contiguration' of sex cral molei'ule' Uegardlc's oi the number of molecules 
involved in the 'ti-ucturc of gciics. it i' now generally cou'idered that chemi- 
<-al!y they are made up of imcleoproteiu'. po"ibly of varyin.g comple.xities. 

A 'Uggc'tion. gaining nicrcasingly wide support, i' that a g(‘ne. although a 
genetic unit, is not a unitary 'tructiire but i- po"ibi\ r»f a multiple nature. 
Hu'kiiis In.' emphasized the multiple thread or polytene nature of chromo- 
'oinc'. and fhi' feature may ha\e a relation to the 'tructure of the gene. 
.Xccording- to thi' theory of gene structure, the gene i' actually compo'ed ot 
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layers or lamellae, making up a series of platelets. The postulated structure 
may be likened to a block of plywood. The layers or platelets, while inti- 
mately associated, may be more or le.ss independent of each other and indi- 
vidually subject to chemical or physical changes which may result in a 
mutation. 

The action of the gene has been compared to enzymatic action. Although 
there is evidence in the inheritance of certain characters that some of the 
primary or secondary products of genes may be enzymatic, at present the 
tendency is not to regard the gene itself as an enzyme. The data of INIangels- 
dorf and Traps from work with the \dtamin-A content in the endosperm of 
yellow corn, a character dependent upon the cumulative action of three 
pairs of genes, showed that the larger the number of dominant genes the 
more intense the yellow color and the greater the vitamin-A content. But 
enzyme acri\-ity is seldom closely related to the concentration of the enzyme. 
Speculating on “what the gene is not,” they concluded, therefore, that the 
gene it.self is probably not an enzyme. The topic of gene action is further 
discussed in Chapters 21 and 22. 

KEDTPLI(.’.\'rK.)X (.)F (lEXES. A iundamental property of genes is 
their ability to duplicate themselves. One theory of reduplication is that the 
material comproing the gene increases by the assimilation of nonliving 
material and that the gene di\-ides when the chromonema (or chromo- 
nemata i of the chromo'ome divides Another pos.sibility is that the materials 
(molecules or utomsi coiirtituting the gene copy their configuration and 
thereby make c.vact duplicate> of themselvc'. Sturtet'ant suggested that 
specificity in gene-^ may be more related to .-rhape than to chemical composi- 
tion and that tlu' new gene 1.' moulded about the old one. He further sug- 
gested that the gene may be vi.-;ualized a< a platelet po.s.sibly only one layer 
thick ( iiie face of the gene then acting a.' a model or templet would auto- 
matically tL\ the othci. Tlii' .'iructure would lend it.self to easy and exact 
duplication I'hc duplicated gene> would be .'eparated at the following or 
acc( )m])aiiying (.livi-ion .''ome iutavtigatoi-'. recognizing the multiple 
chromoiicmata or jtolytcnc nature t)f chromosome.' and layered structure of 
gene', con-idcr the po--ibi!ity of cinitinuou' reduplication of gene' The 
gene duplication may pia.iceed independently of unclear divi'ion. but the 
hnal di'Tribution ot gene' to new cell' mU't be a'sociated with the nuclear 
dic i'ion' o! eitiiei mito'i' or meio'is. 

Nuclear Divisions 

There aie two type- ot nuclear dbd'iou (Jne ot thc'c. mitosis, i' charac- 
rcri'tic of ail growing ti"Uc hi animal' and in piant'. both 'omaric and 
rcproducTr.’c 1 It'- otlcu . meiosis, i' i-oniincd tu repi oduri i\-c ri"Uc and even 

r hei c i' 1 1 'T; ictei 1 I o a nmired part oi t he icpi odiirti\-f I-Vcie. 

M n't •■'•IS 1 ho term 'iiitiK... i-.iia,- irom the < ireek wurd' nn'in.-^, nit-an- 

ing tlnead. and e-'.'. meaning romiiti.ci i,r .Mitu'i' mcan' iilcrallv a 
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threadlike condition and refers to the appearance of the long slender chromo- 
somes, characteristic of the early stages of the dividing nucleus. During 
mitosis successive stages known as prophasr. metaphase, anaphase, and 
telophase are recognized {Fig. 6 and 7). These terms come from the (Ireek 
word phasis. meaning appearance, combined with prefixes also from the 



Prophose Lote Prophose Metophose 



Anaphase Telophase Lote Telophase 

Fig. (1. Mit(p~i.'' ix Ci.lL' hf Rhot Tip. 

(Moditied 'after Hill. Overlmlt?. ami l’"iip. ■'B'jtaiiy." 2i!'l vl.. New Yrn’k. 
McGraw-Hill Book C’omapny. Inc. 19,50.' 

Greek language. Pro means before. Thus propha.<e mean< literally the ap- 
pearance before division and reter- to the early or preliminary e\-ent' of 
nuclear di\'ision. Mt ta means change 'or later, and metaphase, the appear- 
ance of changing or a later appearance. Among several meaning' of the 
prefix ana. one is eiiuivalent to back. The term auuphast i.- applied to the 
movement of the chromosomes as they leave the equator of the division 
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spindle and go back into the newly organized nuclei. Tel, meaning last or 
final, indicates the last or completion stage of nuclear divi.slon. 

During the early prophase, the chromosomes appear as double, greatly 
elongated threads uniformly dispersed through the nucleus. Each thread 
represents the chromonema of a new chromosome. The doubling i.s the result 
of the longitudinal splitting of each chromosome which produces two 
identical halves called chromatids.* Cytological ob.sen-ations indicate that 
the central thread or chromonema of a chromo.some is a compound .structure 
of several strands or threads. A chromosome with a multiple central strand 
is termed a pobjtcnc structure. During nuclear division, the polytene chromo- 
some splits lengthwise, and each half chromosome or chromatid receives one- 
half of the central strands. Later in the propha.se the chromosomes contract 
and thicken, and, according to some authors, each of the two threads 
composing a chromosome begins to accumulate a staiuable matrix. Toward 
the end of the prophasc or the prometaphase, as it is sometimes called, the 
nuclear boundary or membrane disappears, the nucleoli disappear, and a 
bipolar-division spindle or achromatic figure forms. The spindle figure is 
apparently formetl from the nuclear sap or karyolymph of the nucleus. In 
.some cases, especially in animal cells, cytoplasm may enter into the forma- 
tion of the division spindle and its polar a.-iterr. During These developments, 
the longitudinally .-plit chromosomes. ea(.'h with two chromatids, move 
toward the middle or eiiuator of the spindle 

The spindle appears to contain .'triations or " spindle fibers,'’ some of 
which have attachmettts to the (•hromo^()mes in the region of theceutromert'. 
Again, as with certain other cellular structures, the reality of spindle fibers 
has been (luestioned Schrader, however, after di'cu.-.sing the pro-s and cons of 
the reality nf spindle librn-'. l■oncludcs they exist in .some form as actual 
entities. 

Dtiritig the mctapluise the cliroinusMmcs are amuped midway between 
the two poles at the eijUator ui the -pindhe In early inetaphasc stages, the 
two chromatids arc often slightly separated at their ends i Fig tli. At full 
nu'taphase the two chromatid' nf each chromo'umo lie close together 
throughout their length with at least the centromere region of each pair 
directly on the equator. The entire nuclear-chromo'ome complement is 
variously disposed, forming the iipuiturial plak. bi'paratioii of the two sister 
chromatids of each chromosome L accomplished during the anaphase 
Separation starts in the region of the centromere where, by splitting of the 
old one. a new centromere become', part of each chromatid. The chromatid 
centromeres move apart, po—ibly under some repulsion force, (iraduallv. 


* ThD Didtlini: - '.<i ff tl.o >i }ia^ tIk 

•int of. iiTrrally tId- -Dr! «•! Thu- < hr«.r'i:iTiii- a 

['‘iiife a- th»'N r»’r:iairi h» 'i il. t!.» rta 

rt'nt usap''. thb- an. -« nj.raTMl li’irin; 

art- again db’^igna*»'d a> 


‘ ii'.'Mniii”: of di'ri\ od irom or tho tlcs^'Diid- 

♦ ■ 'hTlVed rrL»ai I 111 ohiO-i (Ti.e-,; , ip thf 

'i 1 - prop* riy app’i' .1 t., i hroniu- 

;iori «.r rii-- . » ntroniorD Ai-ftirding to cur- 
: anapha-r- of a noi hair division, tfu-y 
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the chromatids separate and, with the centromeres leading, the sister 
chromatids mo\’e toward opposite poles of the spindle, in the anaphase. 

At the telophase the two groups of new chromosomes round up and form 
two new nuclei, one at each pole of the nuclear-di\'i.'^ion spindle. During 
the telophase a nuclear membrane surrounds each nucleus, and the typical 
number of nucleoli, de\'eloped under the influence of specitic nucleolus 
organizers associated with certain chromosomes, are formed in each of the 
nuclei. Toward the end of the telophase, the chromosomes assume their 
threadlike form. The granular appearance characteristic of the metabolic or 
resting nucleus is interpreted as resulting from the uniform distribution of 
the attenuated chromosomes. Between the active phases of division, the 
nucleus is in an interphasc, and individual chromosomes are rarely \isible. 
Other evidence, however, indicates that chnimosomcs although usually not 
recognizable retain their structural indi\'itluality throughout the interphase 
as well as during the dividing stages of the nucleus. Cytokinesis, the di\'ision 
of the cytosome, frequently but not always accompanies mitosis. 

Su-MMAKV OF Mitosis. Mitosis, the ordinary type of nuclear division 
with its propha.se, metapha.se. anaphase, and telopha.se, occurs in growing 
tissue, both somatic and reproductive. During the process tarh rkruind.^onn 
of the nuclear complement onrr lo>i(iifui/iiuilh/: this jnlliurcil by a 

ainglf. cumplctc nuclear ilirit^iim. The rc'ult of mitosis is tlu' format ioti of two 
nuclei each with identical halvc.s of all the chromosomes of the original 
nucleus. During mitosis eai.'h .gene is duplicati'd. and the new genes also 
pass into the new nuclei MitO'i' is. therefore, a (•ellular process which rc'ults 
in the passing of chromosomes irifluiul cjian;/' of numhi r (.ir gene content from 
old into new nuclei. 

IMEIOSIS. During reproduction certain i-elN in the la.-t stage' of their 
development undergo a distiin-tive type oi nuclear division called meio'i' 
(Fig. S, 10. 11. and 20 The term raeiosis <’onie' from the (.'.reek word 
nuioo. to make les'. cdmbined with e.'/s, a condition or proces', Mf-io'i'. 
then, actually is a lesscnitig or reducing i.ro.'t-" referring 'peciiically to 
reduction in the numhfr oj cli''omtieiinii ■< .Although there may be diiterence' n. 
details, the characteristic .stage' of pro]iha'(.“ to telopha'c dc'CTibed for 
mitosis are also recognized in the meiotic divi'iop.'. Actually, the pniriss rf 
nieioeis cunsiefr oi tim nuchor dirttoiii,'. which ocur isi .luick succession 
Meio'is takes place only in the reproductive cells, that i', in the 2X spor- 
angia of plants and in the 2X 'CX gland' or gona.l' of animal'.* .\n\’ plant <ir 
animal cell capable of undergoing meio'i' may be referie.i to a~ a meiocyte. 
Genernl u niwnnit j i?i fho prort e o] no in>i>- u an rh ci'iniii phenmni - 


• Huskin' and assOi'iatr,s h.av" found ti T n.i'ri''r!. ;,r, ■ . ’.S ..f o.n:.-.:i-ror.t tips treated 
from .5 te. 1 ' IiC'U..'s '.vit 1. t to o T' r cii t sola . te.r.' . c s' ..1; .i;. . i: . n'c !■ r t< - a. ' . i , hr<.'ni< >- 

'Onie pairing and redii.'tieii di\'i'i<.'iis siim.ar u. .ss.n’.jl' o. inv'sa'ii' '■ > ri i.n a:' rui 
I tdi'. They cuncluded that the t.ee.atmfiit or,i.% in. Teas. U t;,. h—eo y "f pie U’C"‘ na 'ha' 
Occur natiiraliy. 
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}ion, the union of gametes at stj/igamy or fertilization, rnakes the fundamental 
principles based upon them equally applicable to all sexually reproducing 
organisms. The behavior of chromosomes during meiosis and syngamy con- 
stitutes the physical basis of such fundamental principles of heredity as 
Mendel’s laws of inheritance,, sex determination, and the inheritance of 
linked genes. 

Behavior of Homologous Chhoaiosomes During the Prophase of 
THE First IMeiotic Division. In the nuclei of all diploid or 2X organisms, 
the chromosomes occur in pairs (Fig. 9i. The two member.s of each pair are 
essentially alike in size, form, and general features and since they carry 
allelic gene^, may or may not differ in their genetic qualities. Because of 


I 


I'k;. h. Homologous Chromosomes, 

Photoinicniiiiaph ni two of hoiiiologoin chroiiiosomos in each nucleus of 

zygotes of the paia.-itic woiiii A.<eiiris. fCourtesy, Mervin Remes.j 

their resemblance, thc'C (-'cnfially duplicate chromo.somes are termed 
homologous ch romosoiiu s. which literally mean.' chromo'umes that are 
alike. The ol•cuITence of homologoU' chromo'ome' in pair' i.' related to 
the origin of (A'cry or<iaiii'm from the fu'ion of two gametC', one from the 
male parent and the other from the female parent. Each of the gametes has 
the haploid or IX numficr of chromo-ome' characteristic of the .sjiecies. and 
each chromo.'ome of such a “.set " may be di'tinctive in size, shape, and other 
morphological characters. The chromosomes in the two sets are morpho- 
logical duplicate' provided with .'imilar or contra'ting allelic genes. When 
the garnetc' fu'C, the nucleus of the rc'tilting fertilized egg or zygote has a 
complement of 2X chiomo'onies from the chromosome sets of each of the 
two gametes The zyaote develops into a new 2X or diploid individual 
potentially able to gmw into a sexually mature adult. iSee detail' of repro- 
duction. pp d(i-42 

During the pn.pha'c of the :.r-t meiotic division in the meiocyte.s. the 
two 77U 7 nbfr.s I, ' jtO "' lO hiOn(iii,gi,.i .. rhrii7nii.-~iii7ir .s ri >/ 7 if inijf tin '' in SVUapsis, 
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that is, they make longitudinal contact throughout their length, although 
they do not actually fuse (Fig. 8). The pairing homologues are sometimes 
called synaptic mates. They are also referred to as bivalent chromosomes.* 
Actually, the pairing is between the allelic genes at corresponding points or 
loci in the two members of each pair of homologous chiHjmosome.s. This 
feature is brought out when a small .section has accidentally been lost from 
one of the homologues of a pair of chromosomes (Fig. 1.14). I'lider these 
conditions a bend forms in the intact chromosome opposite the deleted 
portion of its homologous mate, while the allelc.s of the unaffected portions 
normally come together. 

During the prophase of the first nuclear division of meiosis, each member 
of the homologous chromosomes splits longitudinallv throughout m<ist of its 
length, forming two chromatids much as occurs in mitosis. .Since the 
homologues are together, longitudinal splitting of the two synaptic mates 
produces the “chromosome tetrad" or, more properly, the chromatid tdrad. 
a four-partite structure or tetrad of four chromatids (Fig. 8j. This condition 
is also referred to as the “four strand stage" (p Ibi .Vgain, as iit mitosis, 
each chromatid carries duplicates of all genes in the original chromosome. 
The meiotic longitudinal splits are complete throtighout the length of ctich 
member of the pair of chrom<)somcs except in the region of the centromere 
which remains intact through the first mei<jtic dicision. Thu.-, iht' twi.) 
chromatids formed from each original chromosome are held together at the 
centromere, and they more toyethcr as a unit through tin* first meiotic di\-i-ion. 

Separation of Homologles and Redlction in C'huo.mo-ome Xemuer. 
During metaphase of xho first meiotic division, the chromosome tturads of all 
homologous pairs are at the ecpiator of the dii'isioji -ijindle.t A- di\'i,sion 
progresses to anaphase, the two original chromosome- of each pair -eparate. 
Each mernher of the pair, with its two si.stfc chromatids, mores to an opposing 
pole of the division spindle and becomes part of a different nucleus. Rouml- 
ing up of the group of chromosomes at each pole of the divi-ion -pindle is 
accomplished during the telopha'C of the fir-t meiotii- divi-ic.ni. Divi-ion of 
the cytoplasm which normally accompanies or follow- the nuclear divi-ion 
forms the sreondamj meiocytes i Fig. 11 atid 2(b. Kach secondary meiocyte 
nucleus formed a- a re-ult of the fir-t divi-ion ha- two chromatid member- 
derived from a -ingle mimiber of a pair of homologous chromosome-. Reduc- 
tion of the original 2X chromo-onips to the IX number i- actually completed 
at the end of the fir.-t meiotic divi-ion. .'separation of the chromatids into 
pair-, each pair representing an original member of a jiair of homologous 
chromosomes, reduces the number of chromo-ome- in each secondary 
meiocyte. 

” Tilt- term ■or.'altoi' a.n'i h > • are nrnur.'ine.ol uni-vtient ■oci i .i--. .--hcrir ’ey rnanv 
.Anicru an- ten nntv aierit anti t.r. as lit Ly the l.r.ai.-e aau -eiiii \:i- rteari-. Tree . ' 

I, .Tt’-.n '» 'i! ami other term.- a - t'oj' et *o -ituiiar iln •. r-;ty et pri..;, m .-'ion. 

- The ( rrect- of cro— ina over otnitt. li a' th;- rion.' ar- ■!'- li I..-', r e !.!‘i 
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SECOND MEIOTIC DIVISIONS 



F 


THE FOUR SPERMATIDS 



FOUR SPERMS 
PRODUCT OF MEIOSIS IN A 
PRIMARY SPERMATOCYTE 

Fig. 1 1. SPERMATOGENF.M' IN ( IrA.'.SHi iPPER. 
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Final Separation of the Chromatids. The second meiotic divisions 
promptly follow the first, and one division occurs in each of the two second- 
ary meiocytes. There is apparently no further pairing or splitting of chromo- 
somes in connection with the second division. This is an important feature, 
because it constitutes a fundamental difference between the first and second 
meiotic divisions. During the .second meiotic division, in each of the two 
secondary meiocytes, the centromeres of the original chromosomes, holding 
the two .sister chromatids together, split at anaphase, and the members of 
each pair of chromatids are separated, one chromatid from a pair passing 
into one of the four new nuclei formed by the divi.sion of the two secondary 
meiocytes, Dnrinr/ the tiro dinsions rotishtnting meiosis. therefore, the four 
chromatids are separated and eventually are distributed into the four nuclei 
that result from the two meiotic di\-isiou.s (Fig, 8). The IX or haploid 
nuclei formed during meiosis become the nuclei of the four meiospores in 
plants or of the gametes in animals. Be.side.s the reduction in chromosome 
number and separation of the two members of a pair of homologous chromo- 
somes, the separation or di.sjunctioii of the four chromatids of the chromo- 
some tetrad also effects a segregation of the members of each pair of allelic 
genes to different gametes. This is of fundamental importance in genetics. 
Meiosi.> ill reducing the chromosome number compensates for the doubling 
of the chromosome number which occurred in the zygote when the gametes 
unitc'd at fertilization (p. 30i. With the segregation of allelic genes during 
meio'i', the coinpeiL'Ution i.' complete. Syngamy, the union of gametes at 
fertilization, and meiosis keep the alternating number of chromosomes in 
equilibrium through -^uci-essive generations. Mdasis and f( rtilizatian with all 
of their jihysiologieal and getietic significance mmj he propfrhj contra-ded . 

Tebh II 
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2, Subsequent reduetiou of the 2X or diploid chromosome number to 
the haploid or IX number during the first meiotic division 
■3. Separation of the synaptic mates or members of a pair of homologous 
chromosomes 

4. Final separation of the (“hromatids during the second meiotic division 
provides the material basis for the segregation of allelic genes to the 
gametes 

5. Formation of four nuclei, each with the haploid number of chromo- 
somes. 

SUMMARY OF SmiLARITIES AXD DIFFEREX'UES BETWEEN MITO- 
SIS AXD MEIOSIS. While there are similarities in mitn^is and iiieiusis. there are 
aUo important ditference.s between them (Fig. 7 and Sj. The principal similarity of 
mitosis and ineiosis is the fjrestnvt of thf tiucltar spindlt in both types of division. In 
mitu.-<is tlifrf is on( loagituduinl splitting of the chromosomes followed b;/ n single dirision 
of the nucltiis separatma. the two new chromosome.s into two different nuclei. Thus, 
the net result of mitosis is the production of two new nuclei with no change in the 
number of chromosuines. Similarly, preceding the first meiotic division, then is a 
single Inngitiiditiid splitting of the chromosomes as in mitosis. Howecer. this splitting of 
the chroniosomes in tiniosis is follourd by two nnclenr dirisions. The action of the cel- 
lular mechanism in meiovis i^ siicii that there is a reduction in the numtier of chromo- 
somes fiom the 2X'' to the IX niiinber and the production of four new nuclei each 
with one-half the original luimber of clironiosonies. 

Questions and Problems 

1. What is a cell? What are its parts? Arp cells large or small? How do they vary in 
size? 

2. What IS l■hrrlmatlll? \\ hat are cliromo'omes? Where are they loiunl? 

3. Desciihc the 'tincture of a chromosome. Are individual chromosomes recogniza- 
hle in the chromosome complement of an oiganism? How? 

4. What is the cliiuinosoine tiieory of heredity? 

. 0 . Why are chroiin 'Siuiies important in geiietical .'tudic'? 
b. Dl'cUss the ramie of chronio.some niimhei's in plant'. In animals. 

7. Wliat numheis of chroino'omes are found in most oi the dnmc'tirated animals? 
Ill man? 

5. To what is tlie term gnie aiiplied? What are alleles? 

9. How niaiiv genes are there estimated to he in an organi'iii? What is the propor- 
tion of the iiuiubeis o! genes to the numher of chromosomes? 

10. Discus' the size .ind nature of genes. 

1 1. Hov. do genes pu" fioiii one generation to the iie.xt one? 

12. What two tyjie' or cell division are rei-ognized? 

1-j. Dc'i'iibe mito'is Dcsciihe nieiosis. 

14. t'liinjiare mitosis and meiosis. Which is moie inipoitaiit in aeiietical studies? 
Why? 
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chapter 2 


Reproduction in Plants and Animals 


Living organisms reproduce by either or both ui two methods, asexual 
ornonsexual and sexual reproduction. A.sexual method.s of rei)rodiiction or of 
multiplication are found in both the plant an<l animal kingdoms. In animals 
asexual reproduction is confined to the lower form.' in which such types as 
the amoeba and paramecium reproduce by 'imple di\-i.sion. INIost plants, 
regardless of their e\'olutionary le\'el. may be multiplied by \'egetati\'c or 
asexual methods. Algae and fungi regularly multiply by means of purely 
vegetative cells called spores. Multiplication by buds and fratunentation is 
common among higher plants. Twigs and small branclu.-s of the willow and 
other plants which are easily hroken off may frequently grow into inde- 
pendent plants. Stolons, runners, tillers, ami hi-anching nndei'gronnd stem- 
are commonly ohserverl stmptnres of muitiplii-ation Xui-sery practua's of 
making cuttings, budding, grafting, and layering in the propagation of fruit 
and ornamental plants involve \arii)ns merln.td' of mnltiplying indi\-idual 
plants by asexual methofls C’ommercial prddui-tion of potaroO', 'tigar cane. 
strawVterries, and other crop' i- based upon \-eger;it!ve multiphcation. 'fhe 
essential feature of asexual type- of reproduction i> 'cptiration of part.^ of an 
organism and their subsequent growth int<;i a l■omplete dfoani-m X(‘w 
indi\-iduals produced asexual'y lead an independenr exi-teni-e and tire cap- 
able of performing all \'ital function' iiicliidino: further reproduction, (i'on- 
'idered genetically, howe\er. no new hereditary comhitititious arc fonnei.l 
by noiisexuul method.s of multiplication, 'iin-e each additioital organi'm i' 
merely a piece irf the original phuit or animal. 

C'LOXES, A group of oraatiism.'. either platit or animal, that oritiinated 
from one indi\'idual or from a 'iimle .'pore in plant' and that was multiplied 
by asexual method' i' called a clone. .Vlthough, in uonoral. clone' are con- 
'tant somatically and getioTn'aiiv. mutatio;:- may lii rln-rn and ai', c 

ri'c to departuiC' !roin clonal con'iancy Pi opaaattoii' o! tIk- nnUation' irni'. 
‘■'ttdili.'h new' clone.s. Many .'tudio' ol uihiM'iranrc hj a'exually leproiiucina 
jilant.' and animal' ha'.'c contrihutt'd •.ttlnahle acneticai ilata 



28 


THE BIOLOGICAL BACKGROUND OF GENETICS 


Sexual Reproduction 

Sexual reproduction in both animals and plants involves two essential 
features, meiosis and syngamy. With its two nuclear divisions, meiosis re- 
duces the number of chromosomes from the somatic or diploid condition to 
the gametic or haploid. Syngamy or fertilization involves the union of the 
haploid male and female gametes and restore.s the diploid number of chromo- 
somes characteri.stic of the zygote, embryo, and mature organism. Chromo- 
some behavior during syngamy recombines genes in the new generation, 
A sexually produced organism is, therefore, a genetically new individual 
formed by a recombination of hereditary units contributed by two parents. 
Despite diversities in the various groups, sexual reproduction in animals i^ 
less complex and more easily understood than the more complicated cycle.-^ 
in plants. For this reason, a discussion of reproduction in animals will be 
undertaken first. 


Sexual IlErRODUcTiON in Animals 

In animals and in plants, the fundamentally important events in the 
sexual cycle are the maturation processes, with nu reducing the number 
of chromosomes, and stjngamu, with fertilization restoring the chromosome 
number. Althotigh the maturation processes and methods of accomplishing 
syngamy differ in plants and animals, they ha\'e the same signihcance in 
their life cycles. 

THE MATTR.VnOX PR(.)C’KS,S IX THYl MALE. Sprrmalugrnc.~<i.«. 
In the testes, the male gf)nad.s or .^ex glands of animals, certain cells called 
the primordial spermatogonia undergo repeated mitotic divisions which 
increase their number enormously. This increase is designated the period of 
multiplication. Each of the primordial sp(>rniatogouia normally contains 
a nucleus which has the diploid or 2X number of chromosomes, the number 
characteri.stic of the body cells (jf the species As the animal reaches sexual 
maturity, the production of sperms begins atul in the case of most mammab 
i-ontinues for some time thereafter < )f the total number of .'permatogonia, 
relatively a few at a time enlarge, some as much as twenty time.' tht' tormer 
size of the cells. The time of increa'c in .'ize for any group fit spermatogunia 
i.s called the period of growth. When they ha\-e incrca.'cd to maximum si,/,., 
the spermatogfinia are called priyunr;/ .-ijx rtnaPirgh .■<. or cell' which will 
produce sperms. The proce.'S during which 'perms are formed is called 
spermatogenesis; it includes meiosi.' which accompli'hi's reduction in 
chromosome number from 2X to the IX number characterizing the .'piuni' 

(pp. 22-2:F. 

The first nf the two meintii- divi.'ions occurs in the inic'.fU' of the primary 
spermatoccte oi meiocyte, a 2X .'tructure. atid the de'.efopiuent of two new 
IX nuclei follows ; Fig lOj The cytopla.'m abo divide', and as a linal re'ulf 
of the first meiotic divi'ion, two new ce’.b are formed. Thc'e now cell', the 
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secondary meioeytes, generally called secondary spermatocytes, soon undergo 
the second meiotic division (Fig. 11, 13, and 14), Following this nuclear 
division, the cytoplasm in each secondary spermatocyte is di\'ided, and two 
cells also with IX chromosomes are formed from each of the secondary 
spermatocytes. These four cells are called spermatids. Xo further divisions 
occur, but as a final part of the maturation proce.ss, each spermatid develops 
into a sperm or a spermatozoon (plural, spermatozoa) with a headpiece, 
mostly nucleus, a middle section, and a long flagellate tail (Fig. 11). Sperms 
of animals are generally produced in very large numbers. They are usually 
motile and swim to the egg cells. 

THE IHATL'RATIOX PROCESS IX THE FEMALE, Oogenesis. In 
many respects the development of the female germ cells parallels that of the 
male. As the female de\'elops and passes through the juvenile stages, a period 
of multiplication follows in which the total number of primary obgonia in the 
ovary, the female sex gland, is greatly increased. Periodically as the animal 
matures and passes through its reproductive stage, during a period of 
growth, a few of the total number of obgonia are further enlarged. 

Following the period of growth, the enlarged 2X obgonia, called primary 
oocytes or meioeytes. undergo meiosis. As a result of the first meiotic division 
in the primary oocyte, the chromosome number is reduced from 2X to IX 
(Fig. 12). In this division, the spindle is relatively small and generally 
located near the surface of the obeyte. The two cells formed by the division 
are of uneciual size, 'fhe larger becomes the secondary obeyte, and the smaller 
one. formed at the outer of the two poles of the spindle, is termeil the first 
polar body or polocyte. The polar body is extruded from the obeyte and may 
or may not divide again, hut in either case it takes no further part in repro- 
duction. The .'econdary obeyte promptly undergoes the second meiotic 
division which again results in the production of two cells unequal in size 
with reduced number of chromosomes. 'I'he larger cell, the ootid, develops 
into the functional female gamete or egg The smaller cell, called thesecmid 
polar body, like the first polar body i^ aLo extruded and takes no further 
part in reproduction. Finally the 0 ()tid matures into the female gamete 
termed the ovum or egg. Thus in female animab, the end result of the 
maturation process- called oogenesis is the production by (utch primary 
oocyte of one functional gamete or egg and of either two or three non- 
functional polar bodies. In some animals the maturation of the egg and its 
fertilization, though entirely fiistinct biological proce-^es, may occur almost 
simultaneou'ly. There are two general types of maturation in animal eggs. 
In one of these, of which the whiteiish is regarded as an example, maturation 
and the extrU'ioii of the polar bodie.s precede the entrance of the sperm 
i Fig. 1 t and bji. In the other type, as seen in Ascaris. a worm, the sperm 
actuallv peiietrate.s the membrane of the obeyte before the maturation 
(li'.'i^ion- are l•(:lmpleted (Fig. 12 n 

The mi'iotic nuclear dix'isions of the maturation process in plants ami 
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animals have also been called the segregation divisions, because the separa- 
tion of the members of a pair of homologous chromosomes during the di- 
visions constitutes a mechanism for the segregation of the hereditary units 
or genes located in the chromosomes. An understanding of the behavior ot 



Early Stoges in Fertilization 


Fm. 12. M.cn UVIlH-V IX THKhACWoKM (IF IHL HdR'F., A'i MFGM.ii- 

• rPFl\LA VCR 1)I\ ALL-X-'. 


the chromii'orne- (liiriiiii thc-i* sTaac' of repriKluction is of prime importance, 
-.ince thi' liehavior i- the phy-ii-ai basi- I'jr the 'Careautiijii and a-sortment 
of gene-, the fuii' laiiienta! priiiciple- of Meiidelian heredity. 

SYhd iAMA Ah. D I EUniJZATIUX The proce's of fertilization, one 
of the two critical 'taite- in tin hie cycle.' of se.xualiy reproducing organisms, 
consi.'ts of the union of the 'perm and the egg nuclei. The mechanical means 
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First Cleavage Division Early Stage In Development 

Nearly Complete of Embryo 

Fig. 13. Fertilization and Early Embp.yonti Stage:- in A>( ari- iiegalui lphala 

^■AR. BIVALEN--. 

E. union of ^perm ami ps;: nm'lei. each ci)!!!!'!!!'!!!!!": two cliriiiiioM.mei.. the 
haploid number in thi.': ^rjiecie^: a:-!!'!' for hi>t mitotic luvi^ioii are foimino. F. ana- 
phase of first mitotic or deavaite flivisioii of youna embryo; (!. hi-t cleavage iUyisIoii 
nearly completed, forming a two-eelleii embryo. H later embryonic staae. one cell 
undergoing mitosis; four chromosomes the diiiloid numbei . are clearly .shown. 


by which the sperm.' are brought into the vii-inity ot the egn' varie' with the 
species of animab. In 'Ome of tlie lower aiiinia!' a' ti'he.' and frnii'. the 
union of the gametes or 'yngamy take.' itlace entirely ciut'ide tlu' ljudies of 
the parents. In other animals, fertilization uccurs within the body of the 
female. In the higher animals, the sperms produeed in the male LmhIc- are 
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Fig. 14. M.urR\TK..\ of EgG' ix Whiikh-h ( 'mukguxi -. 

.4, ^e(■|>nl^ mfiuti.’ rliviM-.n at anapha-if-; B. telophaio i.f -i‘ri,n.l mcK.tic divi^iiin 
with formation nf -rv,,ii,l ;.Mlar hnily. C. laU-t >tai;f in tolnpliaM^ of -pi-on.! nieioti<- 
div-ion. nurleiip of ovum i.- homnuma: to r.,und up. />, pfr-ond polar hodv aii.l'eaa 
nuideus cnmpletelv fiirmed. " 
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transferred to the vicinity of the egg within the genital organs of the female 
by some method of copulation. The motile sperms then swim the remaining 
distance to the egg. While the very small sperms are produced in enormous 
numbers in most animals, there are small numbers of the relatively large 
eggs (Fig. 14 and 15). Normally a single sperm fuses with an egg. As a 
result of the fusion of the two gametes, each containing a nucleus with the 



Fir,. U). Tv'<ei. in'd Far of Corn'. 

The tassel, left, is a s;roup oi 'tainiiiate ui male flowers. Each branch bears a 
larcp number cl the'p imuei'iect flower-. Anthers and pollen grains are produced in 
the tas'ol. The car, right. G an infloie^cciice bearing several hundreds of pistillate 
111 - female flowei-. The -ilk.-? are pn-truding -tigrna.s of these imperfect flowers. Each 
.'ilk i^ a part of and connect- with a -ingle female flower attaclied to cub inside 
liu-k- pintectiiia the inflore-ceni-e Ta— el and eai are produced on the same plant 
but in different part- Corn i- thu- a rnunoccinus plant. 

haploid or IN number oi chruino.-ome-. a -ingle-celled diploid or l2N .-truc- 
ture, the fertilized egg or zygote, i-; formed (Fig. 13 and 15). The diploid 
zygote i- the tir-t cell of the new animal produced in .-exual reproduction. 
I’ndergoiug a sene,- ot mitotic divi-ions, which form a large number of 
-umatic ceil', the zygote enlarge- and divides iFig 15). .After a definite 
period of grow th and differentiarion ot parr-, it beeome? the mature embryo. 
In mammals at birth, the embryo i- -eparated from its mother and begins an 
inilb'idual exi-reui'e. It pa,— e- through the juvenile -tage and ei'entually 
attaiiLS sexual maturity when it may produce gamete^ according to its sex. 



REPRODUCTION IN PLANTS AND ANIMALS 


35 


Sexual Reproduction in Plants 

Some of the lower plants have served as experimental material in studies 
of heredity that have yielded significant genetical data.* Until recently, 
however, most of the genetical investigation.s in the plant kingdom have 
been based on the flowering plants, which include many forms of economic 
importance (Fig. 16 and 17). This brief account of sexual reproduction in 
plants is confined to the higher forms. 

REPRODUCTION IX FLOWERING PLANTS. Microsporogencsis. 
The young anther, morphologically a sporangium, contains mas.'^es of cells. 



Fig. 17. Flowlhs of Lily. 

A. general view. B. longitudinal .section diowiug i)ai't^ ur penanth. stamen^, and 
pistil with its jiarts. (Cuurte'V. Hill. Overllolt^, and Popp. "Potany," 2nd ed.. Xcw 
York. McGraw-Hill Book Comjiaiiy Inc.. 1951).) 

the sporogenous or spore-generating tissue (Fig. IS and 191. When the cells 
attain a certain stage of maturity, they separate slightly, each a'suming a 
spherical shape. The-e cells are known as the primary microsporocytes or 
microspore mother ndls. They may also be called meiocytes, since each is 
destined to undergo the proeC's of meio^i' ip. 17 ' The two meiotic divisions 
result in the production of four meio-pores. each witli only one-half the 
number of chromosome' characteristii- of the primary meiocvte and the 
plant that produced it. Not only is the number oi chromo-omes reduced 

* SiiOulJ the reader require a knowledge of reproduction iti rhc'i lou. r plant', he i.s 
aelt i.sfMi to eori.sult textliorik- of hot.anv or ot biology. 
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from the diploid or 2X number to the haploid or IX number, but during 
meiosis the members of each pair of homologous chromosomes are sepa- 
rated, an important feature in heredity. Generally the four meiospores or 
mierospores may be observed grouped as quartets. There are many thou- 
sands of such quartets in an anther. 



PROPHASE METAPHASE DIAD STAGE 

CIQCT liCIrtTir fMV/ICir\KI 



ANAPHASE TELOPHASE TETRAD STAGE 


SECOND MEIOTIC DIVISION 

ric. X, Maturation of Mir of ax .txon i^phrai. 

.f, and. B in'iinary inicio^iioriicyte-; t', .^econdaiy uiicrii^iiutA.irytcs, F. qiuuti-toi 
iiUiTn-piin- ic-iiltiiiii iroin the twn suc(■p^'lve <livi'iiiin. (^[wdlhed alter Hill. Oat-i- 
holt'. and I’"!'!': " Botany.” 2 iid oil., Xew Y(.iik, McGraW -Hill Book Ciiiiiiiauy. Iin/.. 
UEiO.i 

1 )i,vhLOP.M!.NT OF THE Male Gametophyte The nieio.-^pores or micro- 
spoi'o' formed in the anther' are the tif't eell.' of the haploid or IX plui'e of 
the plant By growth and a >hort .'erip' oi mitotie ili\ i'Kui', each iniero.ipope 
may develop into the mature male or microgametophyte. Following the 
first mitotic diA'i^ioii in the micro^port'. tAVo celK oi uneriual >ize are formed, 
a large tube cell and a much 'mailer one. the generative eell, both enclosed 
bv the origiiial wall of the micro'pore. .\t thi' 'tage of development, the 
structure', now called pollen grain.■^. may be 'lied from the anther (Fig. 1 * 1 ). 
Tran.'fcr of the poliea graiii' from the anther to the 'tigina of the flower 
by mean' oi wind, in'ert'. or water con'TitutP' narural pollination. 
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The pollen grain germinates on the stigma, forming a membranous pollen 
tube that elongates, penetrating the stigma and style tissues. Either before 
germination of the pollen grain or afterward, the generative cell divides, 
forming two male cells or sperms. At maturity the male, or microgameto- 
phyte, consists of the pollen tube and its contents, the tube nucleus and the 
two sperms all floating in the cytoplasm of the pollen tube (Fig. 19). 

REPRODUCTION IN FLOWERING PLANTS. ^fajaspunHjcusis. 
The ovules or megasporangia are enclosed ivithin the ovary at the base of 


t u 

nucleus 

sper ms_ 



"^germtobe ive cell 


Eorly Stages of Mole Gometophyte 





Loter Stages of Mole Gometophyte 

Fir;. 19 ! )k\ kl( ipmlxt of Mall Gamltopuyte of Ax’gio^plrms. 
Alo^iiiifd .liTPr Hill. Gv.'iholt'. and Fopp; ■'Botany." 2nd ed.. New York. 
McGraw- Hill Bonk Coiiipany. Inc.. 19.30.) 

the pi'til of the flower. Each ovule contain:^ a large conspimious cell i-ome- 
time< more than one. called the prtmarij megasporocyte or the mega'imte 
mother ctdl Thi' cell, a dijiloid or 2N structure, i.' also a meiocyte diice it i.' 
deMineil to undergo meiud- iFia. 20). As a re.'Ult of the mciutii- dit-isioii-. 
four haploid ))r IN eelU are formed. The.se are the megaG)'>reN and in maiiy 
planr- they oe. ur in a row. the linear rptartet ot .-pore' 

1 iKVF.i.'opM r.xT I IF THK Female Gametophyte. Three of the four mega- 
.'pore' are iiormallv fmictioiile.^s. leaving the one located deepC't within the 
ti'.'ue,-? to survive and by growth ami nuclear divLion' to develop into the 
female gametophyte The female gametophyte or megagametophyte, inap- 
pn>printely called' the ••embryo sac." normally develop-^ by a .Mnie-^ of three 
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successive mitotic divisions that result in the production of eight nuclei 
(Fig. 21 and 22). These nuclei, normally four at each end, float in the com- 
mon cytoplasm of the large embryo sac. Two nuclei, referred to as the polar 
nuclei because they come from the two ends or poles of the embryo sac, 



division division 


Meiosis 




four 

mega spores 
(enlarged) 


Early Stages of Female Gometophyte 

Fm. 20. Maturation Proi i in an .\ni,iu^pkrm 
(Mdilihp'l :i:Tpr Hill. Overhok' aiiU Popp. "Pdtuuv,'' 2u(l ed.. New York, 
McGraw-Hill iluuk riUTip.iiiy. Inc.. 19.30.. 

miprate to iT> la-nTer. 'Phree nuclei then remain at each end of the female 
gametophvrc Tho'c mo-t remote from the micropyle or opening of the ovule 
are termed antipodal nuclei and are Generally fuuctioniess. Of the three 
located in tin- end oi the ^tructui'e nearc't the micropyle. one becomes 
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differentiated into the female gamete or egg, and the other two are called syn- 
ergids or “helpers.” The female gametophyte is now mature (Fig. 21 and 22). 

SYXGAMY OR FERTILIZATIOX AXD THE DEYELOPIMEXT OF 
THE EAIBRYO. While the female garnet ophytes within the ovules are 
developing to maturity, hundreds of pollen tubes grow from the stigma down 
through the style. Epon reaching the ovule, one of the pollen tubes pene- 
trates the micropj’le of the ovule. After entering the female gametophyte or 
embryo sac, the end of the pollen tube becomes greatly swollen and enlarged 
due to osmotic pressure within it. Soon the tube bursts and discharges the 
contents of the tube, with the tube nucleus and the two sperms, into the 
embryo sac. One of the sperms fu.ses with the egg nucleus. The other sperm 
fuses with the two polar nuclei in the center of the gametophyte in the so- 
called “double fertilization” of botanical literature (Fig. 22). The union 
of the sperm with the egg is called syngamy. Each of the gametes, sperm and 
egg, is normally a haploid or IX structure. Fu.'?ion of the nuclei constitutes 
fertilization and results in the production of a diploid or 2X cell called the 
zygote. The fusion of the second sperm with the two polar nuclei does not 
signify fertilization at all but is merely the fusion of haploid nuclei. Because 
three haploid nuclei are involved in this fusion, the resulting nucleus is 
normally a 3X' structure. It is called the primarij endosperm nucleus. Each 
gamete has a certain numfier of chnjmosomes comprising a “set'’: their 
union at fertilization gi\'es a double or 2X number to the zygote. The 
zygote thus has pairs of homologous chromosomes, matched in size, shape, 
and genetic cpialities. which constitute the .synaptic mates so very important 
in genetical theory. The zygote develops into the embryo of the seed (Fig. 
23). Finally upon germination, the embryo develops into the seedling which 
grows into the young plant and eventually into the mature plant, itself 
capable of reproduction. 

The Development of the Endo.spek.m. The primary endosperm nu- 
cleus formed by fti.sion of the second sperm \vith the two polar nuclei soon 
starts a serie.' of mitotic divi.dons. The resulting nuclei become -eparated by 
walls and form the endosperm or food-storage tis.'ue. Although the endo- 
sperm tissue has genetic (jualities ami develops hereditary characteristics, 
it is relatively of less importance genetically than the zygote, because it 
does not reproduce itself while the zygote may develop into a plant capable 
of perpetuating the species. 

APOWIXIS AXD RELATED TYPES OF REPRODLX'TIOX. The 
term apomixis refer' to non.sextial methods of reproduction in plants which 
sometimes replace normal 'Oxual reproduction. While several types of 
reproduction are cla.-sitied a' ajiomixis. the mo't important is the develop- 
ment of ad\-entitious cinbryo' in the .'eed. These embryos may develop as 
buds from somatic cell- of the tissue 'Urrotimling the embryo -ac. A bud of 
this kind often as.sumes the form and structure of a normal embryo. Some- 
times this abnormal embryo emerges as a twin embryo with the normal one. 
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Stages in Development of Female Gametophyte 

Fig. 21. Development of f'EMALE Gametophyte in an Angio^pehm. 

Top left. lour me<;;i.~pore.< of Oioj-. inneinPj.-t one luid heeoo.’ino- the 

runotion;!! ineu-i^pore with three remaining: mega-porei diAiitroHitliii;: Hieci^-ive 
^age> in .ieveVumient o! female gametophyte rri.m the lum tionaf mpoa^pore 
Eaily development througii three ^ueec~4vp mitotie dividons u; iimetlon-d 
!nega~po:e. Later deveiopment L accomplished by oiganization oi nuclei m tlm 
gametopnyte. iModined alter Hill. Overholt=. and Popp; -Botanv.- 2nd ed Xeu 
1 ork, McGraw-Hill Book Company. Inc.. 1950.} 
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In other eases when the aelveutitious embryo is the oiilj' one developed in 
the seed, the seedling and mature plant are like the plant from which they 
developed. The apomictic embryo, an asexual structure, is genetically like 
a cutting from the parent plant. Plants which reproduce by apomictic 
embryos are leally clonal. When genetic experiments with some species are 



Young Embryos 




Older Stages in Development of Embryos 

lev I.'r IvTU.Vi, -.x,-) r.XD.i^P! pM jy ToB.O CO. 

'f- ffrt.lization. <un-oun.lcd by 

‘"'b"' ■ ' -'-r 'l.-r merit ci: embryo anil suitoujuI- 

■’ '■ w*-' ‘■■‘'•..'■lo:::'. i.o, ,-,niei more romriai-t Lowei iiaht. 

-n-v.'. ,• Tiv. ('..;nte-y Hhi. Clverholri, and Popp, 
.mi.Nw' M- I H'.ok ( •omp.iin-, Ine. 1050. 1 
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Questions and Problems 

1. What are the critical stages in the hie cycle> ol aiiiiaais? Of uhat inipditaiice are 
these in genetical stinlies? 

2. Xamo the essential sex glamls in aiiiiaah. 

3. Emphasizing the chromii.-iiiiie liehavicn . diagrani and de^ci ihe 'pei m.itnurncsis in 
animals. In which ingan iil tlie animal liedy ddic- '[ici matugene^i' i ircin ? \\'li\- i-- 
this process important in genetical studie-''’ 

4. Emjilia^izing the chromoMime hidiavioi, diagram and deM-iilie ooaenesis m 
aiuniah. In which oigan of the animal hody doi'^ oogene'i- oei-in ? I >1 « hat impoi- 
tance is this pincers in gtmetical studies? 

■5. Ifesciitie fertilization in ammaK. Whv i" this jnoi-e'^ impoitant m genetical 
studies? 

ti. What two types of reproduction an' lound in plant'? Ate tla-'i' two tvpes also 
found in the animal kingdom? 

7. What is the fimdamental featmi' in asexual ll■p^odllcrion? What is the impoi- 
tanee of a'exual lepi'odiiction in genetical 'tudie.'? 

5. What is the esxmtial mature oi 'cxiial lepioduetion? 

9. What aie the pints of a t epical Howm ? Which oi the pai t' oi a flouer aie c"enria! 
to reproiluction? 

10, What are the cntical 'tage' in the life .-m le* or planr-'' I\'hy aie fi,e-e ctitn al 
stages important in geiietical studies'’ 

1 1 . Emphasizing the ehroino'ome hehavior cii.igi .mi and ih-'oi die imri o-po| oo,.],,,-!- 

in tloweriiig plant'. In whieh organ doe' mieio'poioirene''- in'’ Whe n tiii' 

pioce" ini])oitant in genetieal 'tildies? 

12. Emjiliii'izmg chrornosiune l.ehax'ior, diagiam .'•m! de-iidie men,a-po: om,.i,i in 
the floweiing jilaiits. In vehieh omaii doe' :i:e;;.i~poiogc;,'e'i' oi eui ? Wi y a ti i- 
inneess important in geneti'-a; 'tudie-? 

13. Diaglam and desiilhe the gametonhyti-' tlie flo-.>.eiing niaiit'. Oi-'i-idie 
gametogene'i', that i'. the loimat "ii o- g.m.oto- in th.v.eimg pj.int' [n ei.ich 
'truetiiies ol the plant aie the gamoti-' n.'md ’ 

14. Empha.'izing the chiomo-ome iieha'.ioi ,a--."d.,. :..ir,i;zat!..ii n the tlii.wiing 

plants. Ill which iihnit 'tim-ture nuy f h'z.if 'on j-,, l \\'h\- x tins 

plnrc" llllpoltant in genet, |•,■d 'tud'e'’’ 

l.'i. Ilesi-nhe hiietiy tlie devel.inment "i tie 'ta_i - ,'v_r,.te eoniiyo 'lepinig ;.:,d 
adult nhint a' tiie'c o,-, in ni Hooeoi.o ’.i-.i.t' 

10. Oe-nii.e the de \ el, .p I : ■ t o' the el .. ii ; o ih . ,i , ■ I 1 1 , g pia’.t' Wh'l' th< 

liioloni|.;d luiii-t'on o; end' -pi .'m’’ 
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section 2 


Mendelian Principles 


Undeiiying tlie development of genetics, there is a historical background of long- 
duration. Dating back to prehistoric times, man has been cultivating plants and 
breeding animals, but he accumulated little accurate infoimation about their re- 
production and inheritance until modern times. The earliest genetic experiments 
involved hybridization, that is. mating or •■cro.ssing'' different types to produce 
mixed or hybrid offspring. In the latter part of the ISth century, a group of experi- 
menters collectively known as "The Plant Hybridizers" attacked problems of 
heredity by hybridization of plants. Their techniques were inadequate, hut their 
attempts at solution of these comi)lex problems yielded certain facts important in the 
development of genetics. One of these was the freciuent increase in size and vigor ot 
hybrids over their parents: a second was the general tailure of plant hybrids to breed 
true when self-pollinated or bred together. They referred to this as tlie "splitting of 
hybrids." Historically the science of genetics dates from the work of the Austrian 
monk Gregor Mendel, Although the early inve-stigaturs ha(.l conducted experiments in 
heredity, they dealt with entire organisms with a diversity or characteristic-. The 
experiments, therefore, had so many variables that a valid explanation ol inheritance 
was not attained. Familiarity with the result- of the earlier plant hybiidizers enabled 
Mendel to see some of the reasons for their failures. Following the lead nt the earlier 
wrirkers, he attacked the problem of heredity by means of hybridization of the ganlen 
pea, a prolific annual, occurring in many varieties with characteristic difference-. 
Peas are naturally self-pollinated and thus are Usually found in pure varieties, an 
as-et in starting genctical studies. Mendel selected as parent- plants which differed in 
a single pair of contrasting characters and studied a number of -ueh traits (pp. 5b, 
57, Table III). He was able to: (!) cleteriniue the number of different form- among 
the progeny of the hybrids: (2) arrange these loinis a- to theii occurrence in the fii-t. 
second, or third generations following hybridization: and f3) ascertain the ratio- ot 
the distinct forms in the hybriil generations. The use of the-e methods was the b.i-i- 
of Mendel's -uccess. His approach was statistical. Although the metliods were 
mathematically simjile. they were adequate to enable Mendel to offer a -cieiitihc 
explanation of hi- lesult-." 

* -\fter eight years of investigation. Mendel in 1S65 presented hi- result.- in tt [)apcr 
read before the Xaturforscher Verein in the city of Brunn, .\nstna, now included in 
Czechoslot akia. This paper entitled Expfrinu'nt-s in Plant H iihr’dizatiini \va- publi-heil in 
the journal of the Brunn society, Virh. ISatn/f. IVr, Ahl'an'llnniitn IV, lSb.7. which 
appeared in IShb. The contribution attracted very little attention and remained prac- 
rieally unknown for thirty-live years, when through the publleatiori- of De 5'rie'. Correns. 
and \'on Tschermak it was again brought to the attentuin ot the .-cientitic world. William 
Bateson's translation of Mendel's paper for the Roy.d Horticultural .Society of l.ngl.tnd 
in lilOl was a gieut srimulus to genetii-al re.-earch. 
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chapter 3 


Segregation of Allelic Genes — The First Law of 
Heredity — Inheritance in Peas 


For one of his studies, the inheritance of stature in the cardeii jjea. Afen- 
del used plants five to six feet tall and dwarf plants ahout one foot in heijilit 
as parent.s in a cros.s. The seeds obtained from hybridizing the tall and dwarf 
plants grew into plants which uniformly resembled the tall parent but were 
hybrid for the characters tall and dwarf. Following natural self-pollination 
of the new hybrid plants, seed from this Hrst hybrid generation was planted 
for the development of the second hybrid generation. The second generation 
showed the well-kitown breaking-up into distinct groups or the '•'pliTting" 
recorded by earlier plant hybridizers. 

THE 3:1 RATIO, It was here that Alendel again went a step further 
than his predecessor.s. He classified and counted the plants of the .sei'ond hy- 
brid geiieratit)!!. Hi.s analysis of the l.Oti-1 plants comprising the second gen- 
eration showed that the plants were of two types, each apparently like one of 
the parents. There were 7S7 tall plants and 277 dwarf-type plants, that is 
about ^4 or 73.9b per cent tall anti I 4 or 2t.i.04 per cent dwarf, a ratio (jf 2. SI 
tall to 1 dwarf or approximately 3:1 'Fig 21'. When Mendel reversed the 
types of plants used as male and femalt* parenrs in i r»‘ciprocal crosses, again 
the first generation all resembled the tall jtarent, and the sei-oud generation 
had tall and dwarf plants in an approximate ratii) of 3 ; 1 . For Mendel to ha\'e 
noted the ratio of the types in the second generation was a dejtariurc in 
method. Ht niia.inn '1 tin /N of lo n ilifi, \ paitistaking worker, he kept 
detaile<l pedigree records of his experimental plants, and ihi' also was an in- 
novation. It remains an essential feature oi gs-nctical ri'scarch to the j)re'cnr 
day. His thorough understanding of the problem, hi- siniplnicatioii ot proce- 
dure. and his careful method ot solving it enabled Mendel to make his I'on- 
tribiition to biological thought. 

Mendel’s Explanation of the Results of His Breeding Experiments 

Alendfl studierl the inheritance rif 'even jiair' ot chai'acrei-i.srics ji; the 
garden pea tTable IIIo In all cases tlietirst-generatiouhyiirids re'cnibled one 
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of the parents to the complete exclusion of the other. The character which 
thu.s appeared or dominated in the first hybrid generation, he called the dom- 
inant character. The character which was obscured or receded from view, he 
called the recessive character. He thought of these characters as independent, 
that is. pure unit characters even in the hybrid generation which could be 
again recovered as units in the second generation. 

IMendel’s explanation of the appearance of two classes of individuals in 
the second generation of a monohybrid is the essence of his contribution to 
science. Without knowledge of the cell mechanism, IMendel concluded that 
there must be certain units in the germ plasm which separated when the re- 
productive cells were formed. He suggested that these units were deter- 
miners of the distinct unit characters. Thus, he assumed a determiner for the 
tall character in peas, which may be represented by T. and anuther deter- 
miner for the dwarf character, t* Since each plant has two parents, each con- 
tributing a single determiner, the hereditary constitution of the tall plants is 
double and may be represented by two letters, TT. and likewise, the heredi- 
tary constitution of the dwarf plants by the corresponding small letters tt. 

THE HEREDITARY CONSTITUTION OF THE HYBRID. In 
production of the hybrid, one determiner or hereditary unit was presumably 
contributed by each parent, t Thus, the tall parent contributed the unit T, 
and the dwarf parent, the unit t, which existed as distinct hereditary units 
in the hybrid plant with a double hereditary constitution Tt. 


* The need of distingiii.shing between vast numbers of hereditary units lias resulted 
since Mendel's time in various wa.vs of designating them. The hereilitary units occur in 
organisins in pairs, either of two dominants or two reccssives, as iii piue-bred plants and 
animal.', or a pair con.'istmg of one dominant and one recessive as in a hybrid While 
the practice is not universal, the recessive gene or factor is generally dcsuinated by the 
small-initial letter or by an abbreviation of the name of the character it conditions. The 
doniiiiaiit gone is then indicated by the corresponding capital letter or capitalized abbre- 
viation. However, some of the earlier writers did not follow this current practice. In this 
volume the ile.signation used by the original investigator has frerpiently been followed, 
even though it sometimes breaks the above general rule, 

-\lso bv common consent among writers on genetieal topics, the female parent in a 
mating or "cross" is written first. The parents coneerned in the cross are called the fu o 
partnldl generation, whn-h is abbreviated to lb. The term.' P, and P, indicate earliei 
parental generations' lb the grandparental and P, the generation next further removed 
The hybrid generations are likewise designated by abbreviated terms, Fi indicating the 
hybrid resulting from the mating of the P; parents. Fi means ihe Jiret khnl generation. 
The immediate progeny of a hybrid constitutes the rn-nnd filial generation or the F 
L.ater generations are designated as the F' . b 4. etc. 

Another method of designating genes has been used, especially by genetii-ists working 
with the fruit fly, Dru'nphiiu. In this system a plus sign. — . is used to designate an\ 
"wild-type " or normal gene and a letter, as a. to indicate a mutant gene, Th’as. — — or 
— ^ may indicate an organism homozygous for any given wild-type or normal gene 
— a or ~ a, an organism heterozvguus for tliesc alleles, and aa or a a. the homozigou' 
recessive-mutant i.irgaiiism. Capital letters, as B, indicate dominant-niutant gen-- vitf. 
the plus -igii — . again designating the wild-type or normal allele at the -ame h), u- 

■r Menilel's designation of the hereditary unit' as .L,V/,e vnr.s has been replaced by 
the terms /u/'/or.s. atnt'\ and ntlftf' .p, 11 . 
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MEXDELIAX PEIXCIPLES 


Althuiigh INIendel knew nothing of the nature of chromosomes nor of 
their behavior during cell division, his conclusions, based entirely on the 
analysis (jf genetical data and essentially valid, have stood the test of time. 
Since the genes are carried in the chromosomes (p. 11). the behavior of 
the chromosomes during the critical stages of meiosis and fertilization is 
important in the study of heredity, Most organisms have a fairly small 
mimber (,)f chromusome", and all have a very large number of genes (,p. 1,3). 
Ill genetical experiments the iiuiuher of hereditary faetors studied is 
purpo.'ely restricted to a small number of the large total. Only the genes 
primarily concerned in the development of one or a few specific character- 
istics are considered. All others are temporarily neglected. 

The pea plant has 14 chromosomes iu the nuclei of the body cells and 
following meiosis. 7 in the reproductive cells. Thus, when tall and dwart 
pea plants are crossed, each of the parents contributes to its respectice 
gametes a ‘‘set ” of 7 chromo.somes. In each case one of the ehromo.somes in 
the set carries the genes i-onditioning the charaeteristie stature of the parent 
In the cross tall TT X dwarf tt. then, in each egg cell of the set of 7 chromo- 
sume-, one will hear the dominant gene T couditiouing or, as IMeiidel said, 
detenuiiiing tallne,>^. I.ikewi.'e in the >perms from the dwarf parent, tt, in 
the set ot 7. uue will bear the I'ceessu'e gene t determining dwarfness. M'hen 
the spi'i-m unites with the egg at fertilization, these two set.s of 7 ehromo- 
'iimes fiiuibiiie, thus fcstunug the fliploid or doublt' number of 14 chromo- 
some' in the zygote or lertilizeil egg. and as a result of the union of the 
parental gametes, the zygote will rei-eit'e the two genes 7’ and t. It is. 
tlieteioi’e. hybrid It mr the eliaracteristics tall ami dwarf. Tlie .stature of 
the hybrid plant will dejtend on the acrioti' of the factors T~l in its genetic 
coiistitiirioii, .'^iiire the gene T completely dominates the rectessive gene t, 
tile plant will be tall, api.iarently exactly like the tall parent. Though the 
gene / 1 ' pre'enr, it' ai-rioti is obscured by the action of the dominant gene 7’. 

I he e."t-iitial teatiire oi tin- first generation or Id of anv cross is not 
that it 'hoW' dominance oi one i-haraeter over another or the lack of it 
blit tliat the 1 hybrid i' a genetic uuxttire. It Inis deterniitiers or genes as 
7 and t tioin each jiai’cnt. Hyoi'id organisms of this nature are said to be 
heterozygous as i-ompareii with their homozygous parents. These terms 
conic iioin the (_ireck word.' Jutints meaning other ov difterent and ziiijoti 
nicaniim vom- lini'. lietcrozyguus carries the meaning of two different 
tiling' \okcd loactiit-r a' the gene' 7 and t = Tt. Ilotnov means one or the 
'tune, and hoiuo/yaou' therefore refers to the joining of two similar thing' 
. 1 ' 7 nith 7 =77 or t with t = tt. lleterozygons orgaiii'ms are not re- 
'tic'ted to the b , they iTiav appear in any generation tollowing a cros', 

1 H I. > I.i r K }■.< r.\ 1 I( )X ( )]• (tLX’K.'', Mendel theorized that the deter- 
mnici- 7 and ■ u.-ie uncontaminared ny their a"i)ciarioii in the livVirid and 
rh.ir rhc\ niighr au.dn tie '< pao;/, ,/ pure, each into a different 

repiiHi-;i '; >■ I c or satnetf oi the hybrid. Following this assumption of the 
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separation of the dominant and recessive determiners, unit T would be 
separated from unit t during reproduction in the hybrid, each determiner 
pas.sing eventually into a different gamete. Therefore, each hybrid fiami 
parents differing in one pair of contrasting characters can be expected to 
produce two kinds of gametes in eeiuat numbers. 

Since Mendel’s time, however, it was found that in the maturation 
process with the meiotic divisions, the members of a pair of determiner.^ 
or allelic genes, as they are now called, are separated (p. 52, Fig. 25 1 . 
This process, therefore, actually accomplishes the segregation of thi gems 
or determiners, as Mendel propo.sed in his basic explanation of the produc- 
tion of two classes of individuals in the oft’spring of hybrids. When any 
heterozygous organism, as the Fi pea plant, hybrid for tallnes.-. and dwarf- 
ness, produces gametes, there i.s a separation of genes exactly as Mendel 
postulated. 

As a result of meiosis during which the four chromatids are fornu'd 
(pp. 10. 21 1, the chromatids separate in pairs. Chromatids 1 and 2 carry- 
ing gene.^ T and T move into one of the two new nuclei formerl at the end 
of the tirst divi^ion. and 3 and 4 carrying the genes / and t pa.'S into the 
other nucleus.* At the end of the second division, the four chromatids ha\-e 
passed into separate nuclei, and each of the four meiospores contaiin one 
member of each pair of homologous chromo.somes with one of th(' allelic 
g(uies T or t. Separation of the members of a pair of homologous chromo- 
somes leads to the complete segregation of their allelic genes. The segre- 
gation of genes is the fundamental feature of Mendel's theory of heredity 
and has been quite properly called Mendel’s First Law of Heredity. 

REC( )MBIXATKJX OF GEXES AXD MEXDELIAX RATK.)S. To 
account for the occurrence of the different classes of progeny in the second 
hybrid generation, IMcndel assumed that during the pro'H^s.s of reproduction 
of the first-generation hybrid pea plant, half of the male gamete's carried 
the dominant determiner T and half carried the recessive unit t. Likewi-e. 
female gametes carrying cither T or t oi’curred in ecpial numbers. Mendel 
further assumed that with sufficiently large numbers there would be random 
or cham'e union (.)f the two kimls of male and female gametes at fertilization 
That is, the male gamete carrying the unit T had equal chance- of fertilizing 
female gametes with T or t. Likcwi.se. a male gamete cai'rying the unit I 
had eiiiuil chance- of fertilizing female gametes with T or t. 

Mt'iidel found that following self-pollitiation c)f tin' tirst-generatii m jilani, 
the recombination of the pure determiners T and t could be explained by the 
-imple binomitd theorem of algebra, la b-.- = a- — 'Jn// ~ b- 'rhu-. the 
pos-ible recombinations of male gamete- 7' and t with female gamete- T 

"It !- t iiiialiy iiki'iv That . iwiim tn cn .—iiiij: I'v. r. a. torr o: . !,r. men si I ifr.s 7 

;i!i.i a pal t ..! .! a itli ' may pa-s nitu cm' ii,ici-'i.- whin- > imiiniand.- 2 wp I, f ann 1 i' 1. ' 
na-s iiiTi. r'lic ii.nd for pcilaaoiii.-a! n-a-im- rl,- 'I--.- i — nai nr ti,.- miniicnt '.mII I .■ r.- 
-tri.'t’’.i i.> ill. orisjiii.'i! n ipiliimuion- 
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and t could be represented as (T + 0 X (T + ^) = ITT + 2Tt + Iff. The 
determiner T, for the dominant trait tallness, occurred in three of the four 
possible recombinations, in one as homozygous TT and in two as heter- 
ozygous Tt. Plants having the combinations containing dominant T would 


Toll Plant Dwarf Plant 



Gametes from fj Plants Unite at Rondom to Form ^ Generotion 
T Egg Unites with T Sperm T Egg Unites with t Sperm 



\ / \ / 



Fig. 2t5. Union of the Determi.ner? for F.^llness .\nd Dw.vrfne'.s. "T -\Nr> 
"t." from the T.\ll and Dwarf PARENT:^, Ke'pei.tively. 

S-ie tall. Plants with the recessive determiners tt would be dwarf (Fig. 2t; 
I'hi' is the genetic basis for the ratio of 3 tall to 1 dwarf iu the second hybrirl 
generation. Since recombination is ba-ed upon random or chance union-' 
of equal numbers of male and female gamete>. the realization of the expected 
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ratio in any case is only a probability and not a certainty (p. 56 i. For 
this reason exact Meiidelian ratios are obtained only with relatively large 
F: populations. 

The use of the binomial theorem of algebra has been largely replaced 
by various diagrammatic schemes to show the random or chance reconi- 
binatioii.s of the hereditary factors. One of these schemes, "Punuett’s 
square," commonly called the ‘‘ checkeri)oard.” is widely used in illustrating 
the rei‘ombination of hereditary units which occurs during fertilization. 
With the checkerboard the symbols of the genes carried in the female 
gametes may be written in a horizontal line on the upper .side and those in 
the male gametes, in a vertical row along the left side of the srpiare (or 
reverse). To illustrate all possible recombinations of genes, the symbols of 
those in the female gametes are written in all the squares of the checkerboard 
directly under them. Similarly, the symbols of the genes in the male gametes 
are written in all square.- to their right (.Fig. '24). The squares thus contain 
gene .symbols representing the products of the genes in the eggs multiplied 
by tlmse in the sperms. A checkt'rboard, therefore, is an empirical or noit- 
mathematical scheme for reitre.-tniting the results of the expansion of 
wv -r III - or, in this case, of (7’ s- /i-. 


'Fhk 3 : 1 H.vrio. With large numbers in\-ol\x‘d in a monohybrid, mating 
Fi X Fi alwuy- results in gt-ne recomliiiiations of three type- in the ratio 
of 1:2:1. The ratio of indiviiluals in the character classes of the F.. gener- 
ation dei)cnds. howewr. on the specitic action of the hereditary units in- 
volved in the cm.S'. In the case of tall X dwarf peas in which the gene for 
tallnes- compltnely dominates it- allele, the gene for short stature, tall 
and dwarf plant- appear in the approximate ratio of 3:1. 

BRFEDIXr; BKIIAVIOU IX THE F. GEXEHATIoX, iMendcl 
dctcrmiiied that all <lwarf plant- of the second generation upon self-pollina- 
tion bred true for that characteristic, producing only dwarf jilaiit- in the 
third gciicratioii lb- found al-o that some, though m.it all of the tall iilants 
of the -c-(iii(l generation, bred true for tallne-s The-e true-breeding tall 
plant- (uii-rituted about one-third of the tall form- and approximatelv 
one-fi iiirrii ni the -eeond gciiel ation. lie ediu-luded that the true-breeding 
dwarf pilatiT- were pure for the rece— ive determiners tt and that the true- 
bieediug tali plaiit- Were pure for the dominant factors IT. 

In addition to the true-breeding tall and dwarf plants. IHendel found 
that many of rlii' tall pliint-. c()n.-tituting about one-half of tlie total F. 
populatioii. eoiitiimed to -plit into Tall and dwarf ida-.-es in the third gen- 
eratioii He presumed that tlie-e I j plants contained a mixture of the 
det ei nui lei - 7 atid T that i-. they were heferozygi.iu- Tt plant- and tliere- 
t.ire a'tualiy hyin-.d- gei;erie;,!ly like the F- hybrid Throughout Id- -eiies 


if expeninelir-, All'! ilol'- 


a- to the genetie ■■on-iirutiun of the 


F. generatioii a i je -ub-rautiated. 




BEFORE CROSS-FERTILIZATION 
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Table in 

SuMiiARY OF Data from Mexdel’s Experiments with Peas 


Charactirs 

Dominants 

1 

* Recessiies 

1 

Total 

Actual 

Ratios 



i i 

1 , ' 

Xu rn- 



A umber 

To ! y, umber . T 

her 


Form of Seed, round r.5. 





wrinkled 

5,474 round 

74,74^ 1.850 wrinkled 25 26 

7.324 

2 96:1 

Color of Cotyledons, yel- 





low rs. green 

6,022 yellow 

75 06' 2,001 green 124 94! 8,023 

3.01:1 

Color of Seed Coats, 


1 



grat'-brown i'.x. white 

705 gray-brown 

75 89' 224 white 24 10 

929 

3,15:1 

Form of Pod, inflated rs. 





constricted 

8S2 inflated 

74 68' 299 eon.stricted 125 32; 1.181 

2 95:1 

Color of Unripe Pod.s, 





green vf:. yellow 

428 green 

73 79 152 yellow 26 21 

580 

2 82:1 

Position of Flowers, in 





axil of leaf iw. terminal 

651 axillary 

75 87 207 terminal 124.13 

858 

3.14:1 

Length of Stem, tall r.y. 





short or dwarf 

i 787 tall 

173 97, 277 short |26 03' 1,064 

2.84:1 


Large Numbers are Necessary in Mendelian Ratios 

Siuf'c they depend upon probabilities of recombinations in the zygotes 
and viability of the embryos, even approximations of the charaeteristie 
ratios are olitained only with relatively large numbers of individuals. In 
the experiment involving tall and dwarf types of peas, although i\Iendel had 
more than 1.000 .^e(•ond-generatiou plants, the ratio obtained was only 
approximately 3;1. In experiments involving other characteristics of the 
pea plant. Mendel had from fewer than 600 to more than 8,000 individuals 
in the variou,^ ^ef■ond generations obtained. The nearest approximation to a 
true 3:1 ratio occurred in the cross yielding the most numerous second- 
generation progeny. In thi.' case with a total of 8.023 individuals, the actual 
ratio wa-; 3.01:1, From the data in Table III. it will be noted that in gen- 
eral the experiments involving the large.'t numliers yielded the closest 
approximation- to a true 3: 1 ratio. Many of the ratin^ determined for other 
material, -iuce Mendel's time, are based upon very much larger numbers 
than were the cla.-sical Mendelian ratios. 


Segregation and Recombination of Genes Have Universal Application 

Mendciiun principle.- are Important in modern genetics, not becau.se 
rif the -pci inf experiment- with pea- which iNIendel performed, but because 
the law.- of inheritance which ne formulated have universal application. 
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Since 1900 there have been thousands of experiments invohiug the inherit- 
ance of hundreds of characteristics of both plants and animals. All indicate 
■seoregation and recombination of genes. 

IXHERITAXC’E OF COL(3R AXD ALBIXISIM IX THE GUIXEA 
PIG. One of the well-known studies which parallels IMendel’s in\-esti- 
gations in the pea plant has to do with the iidieritance of color and albinism* 
in animals as, for example, black and white or albino in the coat of the 
guinea pig (Fig. 28). The word albino is derived from the Latin word albu.‘~ 
meaning white and refers to organi.sms lacking color. The eyes of true albino.s 
are pink, becau.se the tint of the blood vessels shows through the colorles.s 
iris tissue of the eye. 

In crosses between colored and albino guinea pigs, color, as black, was 
found to be dominant over the albino. Thus, the dominant gene determining 
colored coat is C. indicating color, while the recessive gene conditioning 
lack of color or albinism is the small letter r. Becau.se the guinea pig is a 
diploid or 2X* organism, the genes of a black guinea pig may be represented 
by CC and those of an albino by cc. with gametes ( ' and c, respectively. As a 
result of mating the contrasting types, heterozygous black Fi hybrids with 
genotypes Cc may be expected (Fig. 28 and 29). Many plants may be self- 
pollinated, but siiK'e animals are monosexual, two individuals must be 
mated. Animals must therefore be mated Fi female X Fi male to produce 
the F 2 or .second-generation hybrids. The F 2 generation, if numbers are 
sufficiently large, may be expected to show two cla.sses of color types, black 
and white. Because of full dominance, the expected ratio will be 3 black 
to 1 white. 

GEXUTYPES, BloTVPES, AXD PHEXOTYPES. By using the 
classes of the F-j generation of the guinea-pig cross as illustrations, the 
meaning of certain useful terms may be clarified. Among the.sc are genotype, 
biotype. and phenotype. The stiffix -(///)<' in each of thnse terms is derived 
fiijm the Greek word tijpos (Latin tijpn.'-i meaning emblem, symbol, or 
image. The word genotype is a combination of gene and type and meaU' 
literally the tijpi of within an individual organism. Every organi.'in 

has its own genotype. Biotype comes from a combination of the Greek word 
6fo.s. meaning life, and type. Thus, biotype means the fffi tijpi . Several 
individuals may have >imilar groups of gene-^ in their genetic constitution, 
that is. they may be 'imilar genotyjiically. .''uch a group of individual.' 
constitutes a biotype, that is. a group of organi'ni' with ^imihir tpoilir 
conMitutioit. Phenotype is formed from the Greek word phaiito. meaning to 
display or discUi'e. and t_\'pe. It is thus the show type or vi'ible type The 

* Various dcun ci of aiLiii'.-m it: othor anir.ial' aro fairiv conmioii. Alliiiio royot> -. 
I'ooii,, (li-cr, cliii'kcns. aid rol.in- a;l t'"cri 1:2 i :-!7 . tir.iiii'Ui .aa,' fiiT-n 

studied m water buffalo. CC i.ote.l Kwautuiw Ciiin.i 

HO per cent of the water huc.ilo, w :V I-.-.-t .t, p. ( jr-wui- . ■ r-piirteo) 

alhini'ni iii Brown .Swi-s i attie, Reeciitly .ubmi'ni ria' been reported in ilie opo-'iun. 
the bison, and other animals. 
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I IG. 2''. HkHAVIhU "K IHL f. uLOR ( iLNES “C AND "c " IX Ix'HERI l AX'CE OF CoLORF.D 
AND Albino C'harai ters in (Iuinf.a Pigs. 
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term phenotype refers to a group of individuals having similar appearanct 
regardless of their genetic constitution. 

The gene make-up of the individuals i.s indicated in each square of 
the checkerboard (Fig. 29). Each recombination of genes. CC. Cc. and cc. 
represents a distinct genotype. All animals with the genetic constitution CC 
belong to a group, a hiotype. Likewise, all individuals with genotype Cc 
belong to one biotype, and tho.se with cc to another. However, all black 
individuals in the F^, regardle.ss of homozygous or heterozygous genetic 
constitution, are grouped on appearance alone into one pJicuotypt . (Jrgan- 
i.sms in the same biotype breed alike according to their genetic constitution. 
(.)rgani.sms in the .same phenotype may not breed alike because they may be 
genetically dissimilar. 

The three terms genotype, hiotypi , and phenotype are accurate and useful. 
In actual practice many geneticists make littU' or no distinction between 
genotype and hiotype. and the ttn-m goiotypi is often used to include all 
organisms genetically alike, -\11 writers, however, make the distinction 
between genotype and phenotype. 

rnt.t, IV 

Gl.notycja, Hioni't', .\ni> Piie.sotypes 


(■(’ 

Cr-.Cr 

CC 

Genotypes I'oiiiieil liy gene recoiuliiiiatmn m a 
monohybrid hb generation 

iCC 

2Ci 

ler 

Biotyiiic latio of 1:2:1 based on gene reenni- 
hination 

ICC 

2('V 

be 


it black 
animals 


1 white animal 

I’henotypn- latio of 3: 1 owing to action of 
till- gene- 


Two kinds of fb ratio.- are produ<-efl in the i-ro-s ju^t di-rU"Cil. The 
fundamental biotyjiic or genotypi<- ratio of H ;2t c : Icc i- ba-ed on the 
recombination.' of genes in the zygote-. The ini.ire -ipiertiria! jilicnotypir 
ratio of 3 black animals to 1 white is ba-cd upon the appearance of the 
individuals in the F; The appearance of the animal- and hence the ci-ible 
ratio is the re.-ult ot the action ot the gene.-, rhe fundamental genot\'pic 
ratio may be thought of as being condensed by gene action into the more 
evident phenotypic ratio. 

IXHERFr.VNC'E IX FUITT FLIKS. Becau-e of their rapid rejiro- 
duction and the ea.-e with which they can be cultured, fruit Hie.-, Drosophila 
nil l(inO‘iasti.r. haw been extcn-iwly ii.-ed in -tudie- ot heredity. Though the 
bodv is a gravi-h lolor in the noimal iruit tly. among nunierou.- variation- 
in bodv color one is black. \\ hen black- and gray-body .-olor- are brought 
together in a cro.-.-, black i- recc'-ive. and the I - geneiation i- characii-r- 
i.'tically gray-bodied. Following the mating ot f male and I n ni.'de, the 1- . 
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generation consists of flies with gray bodies and others with black bodies 
in the ratio of 3: 1 fFig. 30). 

Xormal fruit flies ha\'e long wings. i\Iany wing variations, however, are 
known. One of these is an extreme abnormality called vestigial wing. Flies 
with this abnormality have .short, narrow wings, in fact, mere stubs or 
ve.stiges of normal wings: they are incapable of flight and crawl about 
like ants. In crosses involving the normal long wing and the vestigial-wing 
type, vestigial behaves as a recessive. The Fi generation all have long wings 
(Fig. 31). Mating male and female Fi produces an F_> generation of long- 
winged and vestigial-winged individuals in the typical IMendelian mono- 
hybrid ratio of 3:1. 

Of the multitude of characters in which the transmission illustrates 
Aleudelian principles, fruit .shape in the common summer-squash plants may 
be mentioned. In hybridization between r^(iuash plants producing disk- 
shaped fruits with those producing spherical-shaped fruits, the disk-shaped 
proved to be dominant in the Fi hybrid>. F^ plants bred from these Fi 
hybrids showed the segregation into two groups: plants representing three- 
fourths of the total population produced disk-shaped fruits, and one-fourth 
produced the recessive spherical-.-haped fruits (Fig. 32). 

EXTENSION OF .MENDELI.VN FHIXC'lPl.FS T( ) IXHERIT.VNC 'K 
IN !MAN. The study of the heritable <-haracteri>tics in man must be made 
from family histories, and numbers .'o obtained are of necessity much 
smaller than those obtained with experimental animals and plants. There 
are. however, enough data availaltlc on the traii'^mission of many of the 
physical traits, as eye and hair characteristics, and certain of the mental 
traits, as feeble-mindedne'". of man to indicate that the inheritance of 
these characteristic.-^ follow> INlendelian prim-iples. Recognition of the uni- 
versal application of the law- of In.-rediry in the plant and elsewhere in the 
animal world makes it reasonable to c(.)n(-ludt' that all of the physical traits 
of man. too. are subject to the ^ame Meudelian princijdes. 

Among the many physical traits of man which occur in (•OTitra>ts is that 
of the normally pigmented skin and albini.-m iFig. 191 n In man albinism 
results in a totally white skin and hair almo.-t devoid of pigment. A.s in other 
animals the skin and also the eyes of albinos in human beings usually appear 
pink, because the blood ve-'sels .-how through the transparent tissues. 
Albinism in man is a rather ran* characten.-tic, but its appearance in the 
white race has been sufficiently con-picuous and freciuent to suggest that 
the pigmented condition is genetically dominant over the impigmeiited. 
The mating of two persons apparently normal but heterozygous for the trait 
Would be expected to result in one albino in each four progeny. This propor- 
tion i.s !iot necc—arily obtaiiic-d from une family in which the total number- 
are small but from riunilicrs of individual- in many larnihe.-. .\liiini-m may 
occur in ail raeea. It lias been described in Negroc- ami in tlie American 



62 


MEXDELIAX PfilXCIPLES 




F| Hybrid F| Hybrid 



Fit";. •'1*1. TNHrR[^AN' ; « ‘F Rl-A' k- AXD ^.rRAY-R' »I>\ C TjLOR IN* OrOSOPHILA. 

ti:^ l.vM. I" F • F Ri iPri(iiiliiriari'*n (»f 11^110'^ B anil h in fnur 


-‘I trlr0^^ typi 


'I irelietH' cnli-tltUtiDn hut of 
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Fig. 31 . Inhf:r!t,\n-i f. hf I.kn'i,. ” \'V " and Wf'TUtIal. ' w." Winc,- in Diki'i ^fhila. 

Pheiiutypically tlieie uir tv.o tvj'iG "I n: lintmiiani-f- iF tin- Aonf rnr 

Imiii wini; (iver the gene i"i' veitiiiuii winj;. 









SEGlitUAflOX OF ALLKLIC GENES 


65 


Meiotic 

Division Spindles 


Diploid (2N) Cells 



Haploid (I N) Cells 
Showing Results 
of Segregation 






Fig 33. MEinxir Dn'i-^inx spindlE' i>f Diplihd Cells and Reselting Hapluid 

C'ki.L'. 

Since segregation of gene.s .iepemls upi'n feiiaratniii ol tiie t'An nicmi.eis f.f ji.'iir 
of homologous chromosomes .oi synajitn’ maTr*' , ;t ficcurs reaulaiiy liuiin'j; meiot.'- 
divisions regardless of whetliei the senes aie in t'ne la .mozyaous-dominaiiT >tate, .1.1, 
the heterozygous. An. or tlio iiomozyu:. iu~-rpce''ive 'tate. nn. 

I. Diploid cell deft, ’.cith homozyuou— .iomniant aeLe~ .1.1. the 'puidlc 'i-ontcr 

chowmg seoaiatioR of two luem'.ei' of p.i;- . i '■ oi-io!, ,o. ,u- clio-m. nc - d i..~ i' 
the physical Ici'A of ~ea’.eiiat;o:i Two Laph ..1 ■ c.'.' Aul.t eac;. 'hov.pic: ope incp,.! .or 
of the oiioinal paii of ho!noloaou~ cpr. iruo- .i.iC' lU.l r' c ..ati.. _ci,c, .1 

II and III. Ti.e -ame e.vceptimi t! at the nr- in the icrciozygoip .4.7) 
and homozygous-reces'.ive states i.au). respe.-tive.y. 
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Indian. “White or albino Indians in Panama \%-ere the subject of a special 
study by Harlan (p. 479). 

FURTHER EXAMPLES OF ilOXOHA'BRIDS. From the hundreds 
of recorded examples of I^Iendelian monohybrid ratios, that is, the occur- 
rence of dominant and recessive characters in the F 2 in a 3:1 ratio, the 
following limited cases are appended merely as an indication of the diversity 
of characters analyzed. 

Table T' 

P.\ETi.eL Ll^,T OF Domi.v.^nt -V\d Rr.rEs^ivF Traits 


Organ 

Chmartfr 


A iithor 

Year 

Plants 

Dominant 

Recc^.sive 



Watermelon 

Tan sccd-coat color 

Red 




Red .seed-coat color 

(ireen 

McKay 

19:16 


Cireen-stripe fruit 

White 



Soybean 

Tall 

Dwarf 




Dark-colored pod.s 

Light 

Woodworth 

192:i 


Purple-flower color 

White 



Cotton 

."^mnoth seed 

Fuzzy 

Kearney 

1927 

Barley 

Resistance to .stein rust 

Susceptibility 

Powers, et al. 

19 : 1:1 

Bean 

Resistance to ni.'t 

Susceptibility 

Wingard 

1927 

( lats 

Re-istance to rU't 

Susceptibility 

Garber 

1922 

Oats 

Ri'si'tance to .'inut 

Susceptibility 

Reed 

19:14 

Corn 

Ife'i.'tani'c to rust 

Susceptibility 

Mams 

I'l.ll 


Teopnd 

Xormal 

I.indstrom 

1925 

Bca n 

Poll typo 

Bush type 

Fnienson 

1904 

Xasturtiiiiii 

Doubleiic's 

Singleness 

Ky.ster and 

Ht;i6 


.Siipr-rdoubli-ness 

Doublcness 

Burpee 


.Vnim u.s 
Cattle 

Black co.it 

Red 

Watson 

1921 


Polled or hornlc.s.s 

Horned 

Wntson 

1921 


1 )un 

Black 

Watson 

1921 


Black coat 

Red 

Campbell 

1924 

1 owl 

Let; fcatiicrniK 

Smooth .shank 

PuniicTt and 

191S 




Bailey 


Man 

Various t’.pc^ of allergy* (normal; X'orinal 

Putter 

IIGO 


i.ar lobi free 

.VI Keren t 

Pow.-ll 

19:i7 


W ooily h.air 

-Vormal 

Molir 

19:32 


.''hort tbundc; 

Xormal 

Ilefucr 

1924 

* -Vlk-rgy, 

-pc cirir IVlt:' of {•tT-'Oll- t 

-) Cert Aiu pn •rr.-in -5 




Incomplete Dominance 



In the 

foregiiiug croe'es. one trait 

.showed conipieTe 

dominance 

over 

the other, y 

ielduig an F. generation of tw 

0 phenotypic da'- 

-cs in the approxi- 

mate ratio 

of 3 dnmimint'. 1 recessive 

X’ot all characte 

r pair.', however, 


-how a fully dnmiiiant and rel.arion'hip In many cases there is 

incMrnpiete dnininaice, partial tli'iiiina’n e. or lac'k of dominance. A few of 
the ma'iy re.-ordcil ca-e^ are metnioned ilclow. 

In tht‘ .'shorthoin t>i*-cd iif i'.atIio, ihrts' rctat-coicir t\'pes are recognized 
red, whiTe, and a mixture or ino-aic of n-ii arid white hair', the red-roan 
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In a cross involving these coat colors in cattle, the genes undergo the 
regular Meiideliau type of segregation in the Fi generation and the expected 
recombination in the zygotes of the Fi generation. If the genes conditioning 
the red color are designated as RR and those conditioning white as rr, the F i 
hybrid has the expected genotype Rr. During the maturation process, the 
genes R and r segregate, forming two types of gametes for each sex, those 
bearing the gene R and those bearing the gene r. When Fi hybrids are 
mated, the alleles R and r recombine, producing the biotypic ratio of 
lRR:2Rr:lrr (Fig. 35).* 

The currently popular palomino horse of golden color with flaxen mane 
and tail is genetically a brown, red or chestnut animal heterozygous for an 
incompletely dominant gene which acts to dilute the brown color. If the 
dilution alleles are D-d. the genott’pe of the palomino is Dd. (Mating palo- 
minos as Dd X Dd results in the production of chestnut, dd, palomino, Dd. 
and Cremello, DD. in the approximate ratio of 1:2:1. The Cremello is a 
very light-cream color, almost btit not quite white, and is sometimes incor- 
rectly referred to as albino. The cream color is the extreme dilution effect 
of the homozygous dilution gene. DD. The chestnut, an undiluted brown 
color, results from the effect-; of the homozygous, dd. 

Among incompletely dominant traits in other domestic animals may be 
mentioned the chai'acter "earless” in sheep in which the development of 
the external ear is 'upprc'sed. (.'ro.s.ses between earle.ss, EE, and normal, 
er. result in an inrermetiiate condition, small ears in the Fi. Alating Fi X Fi 
yields an F. generation con>i.sting of three classes of animals, earless, those 
with iiiteriiu’diate .-niull ear.-, and .some with normal-sized ears in the 
phenotypic ratio of 1:2:1 iFig. 36). 

In the common annual plant PIdo.v drummondii, three types of petal 
edge or petal form are recognized: the normal or entire petal edge; the 
cuspidate, an extremely narrow type of petal with a single long tooth on 
each petal: and an intermediate sort with a fringed edge, called the fimbriate. 
The-e three flower forms are the phenotypic expression of a single pair of 
genes in v, hich dominance is lacking. The parental forms entire, hcrmozygous 
L'C. and cuspidate. h<jniozyg(nis cc. furnir^h the gamete.-, t' and r, respec- 
tively. wliii h upon hybridization combine to produce heterozygous Cc in 
the genotype of the iiitcrmediate-fimbriare Fi hybrid i.Fig. 37j. Following 
segregation and recombination of gene-. Fj individuals with genotypes CC. 
Cr. and cc expre-- themselves in the phenotypic ratio of ICC' entire :2Cc 
fimbriate: Ice cu.-pidate. 

Tin: (lEXETlC lEV.'^I.'^ OF IXCOXIPLETE D02;IIXAXCE. In all 

nroiiuhybrid cru.-se.s, the I _■ genotypic ratio Is 1:2:1. The difference between 

t- rc.i. ri.nn, and white colurs of shorthorn cattle are 
"• -Z' [1- - and II’-.,. In thb interpretation R determines 
I ly d"iai.’;aiit. acts to inhihit the production of red. 

r. r,.an RHIV:, anduh.re KRWW, 


- I. r. .iorifs 

dep. F, l-v* apen — c p T- 
the ri.i .'..ic cn 1 d’. 
Aci'i vU.m;';'. r,-. i 
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complete and incomplete dominance is in the dominant-recessive action of 
the genes and their phenotypic expression. In all cases the genotypic con- 
stitution is fundamental. 




Flo Fi n- I.tixi, Fm;- avij 

('i.ii’-ti-y, IF 1! hic;; .F 


Tho Ia gent -I aT ii i! I fitiittuiiig ;i ert*-- lU'ci ti'.’Utc. a s 
in ’.chieh There i- a Ic.ek of eornp:efe ili tmina nr.- -how 
I tf iFFttgeliT' iii-Teaii i tl tiiiiv t'.vi . a- li' ea-t - ftl it 
11 ' I on ii 1 ,1 ‘Tc til iini i.:i n et- llnro .an I’.ov, ;>■ !'F"oa!o; 
.■ui'-e- I'Vt'I' ea-e- i;.’ o. ■ ::.g eomp on- ii.>;;'.'.nai,i'f 


-i.igie p.iir of alh'lc' 
' thri c re"i)gtiizal)lp 
in lit ilui'ialiee W it h 
7a ire ]• _ plitaa Uvpie 
e-e th, Iii-TiTi izygt ill- 
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I 


CC entire 


cc 


F. 



Cc fimbriate 
C 




CC entire 





1 

1 

Cr fimbriate 

cc 


Fk,. 


It 

cuspidate 



fimbriate 


4 

cuspidote 


. IxHKKirAXt t (iF Fetal Furm l\ Fliavek? uf Phlox. 
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or hybrid individuals differ visibly from both of the parental types. This is 
expressed in the 1;2;1 phenotypic ratio with three recognizable classes. 
The 3 : 1 ratio, with only two classes, may be considered as a modification 
or condensation of the basic 1:2:1 ratio because of the dominant action of 
the factors involved in the cross. 

( )rganisms heterozygous for incompletely dominant factors are often 
referrred to as “unfixable heterozygotes.” They are, however, no more 
unfixable than any other type of heterozygous plant or animal, for actually 
all heterozygotes continue to .split into two genotypic classes of homozygotes 
and one heterozygous class, d'he unirpie feature of the heterozygote.- of 
incompletelj' dominant factors is that they are phenotypically recognizable, 
while those of completely dcmiinant genes are not. 

Analysis of Inheritance 

Hybridization or "crossing’' as used in genetical experiments is really a method of 
making an analysis of the hereditary units basic tij a pair of contiastiiig cliaiaitei>.’‘‘ 
This technique may be roughly com]iared to the chemical aiialy'W oi an unknown 
chemical mi.xture or compound. Both techniques seek knowledge about the con- 
stituents of the unknown. The systems of mating eni]iloyf‘d in hybridization are of 
three general kinds: (Ij the diiect cross or sibcros.s. i2i the backcross. and i;3' the 
testcross. In the direct or sibeross, an fd individual is "selfed." or Fj individuals or 
sills are mated to obtain the F'; generation. This method has alieady been deM-iibed. 
The backcross involves mating of Fi hybrids to one or the other of the immediate 
parents, geneially the recessive. For analytical purposes it is unimpoitaiit whether 
the actual parent or an organism of similar genetic constitution is used in the mating. 
The term testcruss is applical.de to the techiiK]i.ie of mating the F, to some individual 
of appropriate genetic constitution, (lenerally the te^tdos' is made by mating the 
heterozygous Fi individual to another that is homozygous iccessive lor the gene- 
involved. The progeny resulting from a direct cro-s or siPri-oss is refeired to as the 
F^ generation ; that fn iin a haekci o.-s as the baekero-s genera t a ui ; and that from the 
testcross. as the testcross generation. 

(denerally the purpose in the.se types oi mating is the same, namely, to analyze 
the product of the original hybridization in order to idmitify and learn about the 
actions ot the genes involved. (Jfteii tb.e thiee type.s oi ci-o-ses aie equally good tor 
this puipose. Homozvgous organisms jiroduce e/di ont tiipt' oj gmnitr. those lietero- 
z.vgous for one pair ol alleles jjroiluce hfo l ca'ctre)/,?. Recombinatio:; of 

genes in the muiioln'bi id direct cross yields a genotypic ratio of 1:2:1. IMonohyiiiid 
backcros-es and testcrosses yield genotypic ratios of l;l. Phenotypic ratios in al! 
cases depend upon the domin.mt-rccessive action of the genes involved. .\!1 type- of 
latios, genotvpic and phem ityjiic. are readily iletermined ■ Fig. 3s, 3(1, and 40 . 

USE.S OF THE TYPE.s OF 1NL\TIXG. The direct creiss has been used exteii- 

* Hxf indization in animal- is aocoinpli-Led Lc' mating inali - ami n niaF- of tie' 
desired tcpi--. If fertilization oi mr-. the ort-jiring re-ulting from ti.e niaiing will he of a 
h'.hrid nature llvhridization in jilants Usualft' The reriMuui! o; tic t'ouiig un- 

oiiened arithtr- rroni a hower. to guard .agair.-t -• l:-p>i];iria-;>*ri and t:,.- ui-T.nirig o: a 
-Uitahle hag over tiie enia-eulated dower To Jir.\.r.' 'u.di. -i.o-, l , ro-— jioinn.oron. .hire- 
a few day- when the stigma i- leci ptivt , pouon imu. ti,,. desin d paf-rit lloaej-- i- plaeeu 
on the stigma of tfie eina-e'uIaTiui tiow. r ami TUe '' ag ii-p'ro f d il pei'lioation i- -e.eei s.-m{ 
-e, ds containing itvhri'l einiiryo- mC} t'O prodie ru idaTitod ar a ;,^ori sncii 

1- may germinate and ['rod'ieo !.% i i; i p'ai.r- 
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lively in genetic analysis. It is effective with experimental niateiial that is inexpen- 
sive, when it is feasible to procure large numbers of individuals, anrl when the organ- 
ism is readily selfed as in the case of peas, maize or Indian corn, and many other 
plants. It can be used when sibcrossing is easih" accomplished as in the case of an Fi 
population of Drosophila. Under conditions of full dominance, backerossing the 

P Dominont Block CC X Recessive White cc 



Bockcross 
Gene r ation 



Gametes of Two Types 




Produces 
Gametes of One Type 


Homozygous 

Hete rozy gous 

Block CC 

Block Cc 


1 : 1 

Genotypic Rotio 


C 


Fig. ds. PiixuLT-- or B.vc m lb to Doxux.iNT-p.iRi.N ial Tyi'i. tnokk 

CoMHrnjx-' or Frni. Dominw.nt r ix tut ('ri-ixFA Pig, 

In the bai'kri 1 1 ,-:- Fj thcie are hetei"zygou.'. Cc. and honKizyifiiU'-donuiUiiit ludi- 
vidiiai', CC. ill a 1:1 riitio Becaii-e oi full ddniiiuincp, tiie-e animal- aie all :dike 
in bi'iiiii black. 


heteio/yg. Ill' F to ti.e dominant p;nvnt yielii' a 1,1 aenotypic latio, but the back- 
CIO'- progeny w phi-notypii-ally alike and r- of bttle value in aenetir aualv'i'. Fnder 
eoiiditiOii' ot uiri imiilete dominance, iiai-kco i,"ing to either dominant cii rece~vi\'P 
paieiit yici'i' ,i 1.1 pi em.tvpic lat:" Fla. •'■>'' ot' ami 10 . The te-tcro'' heterozyai m- 
F ■ !,i iim 'Zyai ci' — VC ciiPii' a ti'ti-in" jiinaeny bi.th aenotypi'-ally and 
pl.cniityp' I'b' n •' i ' •.■.t'.. -aiMi.T tc-'ri-i'i ■" i c.rn iinc .'vei inly i im'-halt 

the iGin.Gci - : C' ,'i ’ i' ' i' \ i c 'd 'iisi , r i ii anil c .niy i ine-fi iin th tbi ne nece— 

sary m ti.e v.i't "i d.i.yt the te-tci.i-i i- imhiMteii in pinblerns nf inheritance m 
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which it is not feasible to experiment with large numbers. Backcrossing has a tend- 
ency t(i make the progeny homozygous and thus to “ fix '' certain characters. Geneti- 
cally the practice of backcrossing tends to make the experimental material homo- 

Re d White 


RR 


X 


rr 




Bockcross 


Progeny 



Gametes 
of two 



Garnet e s 
of one 



1 : 1 


Genotypic and Phenotypic Ratios 

I IG. 3(1 Hk-ULT-- of I --IXG Ha( KI Ro^ — HR TksTi RO'' I'NDKR ('oXDniiiX' OF 

IxioMl'Ll.lL DoMlXANi K. 

In cattle it !ieterozyci,u- la.an F,. Rr. i- backcro— ed to rece— ita- white, rr. an Fj 
\m11 con~i,'t of two clasae-. 

/yaou- i(,r specific trait- For the^e reason'^ it is often u-ed m piaetic-al lueedina 
p]< ’aiani'. 

I'he te-tero-i. hcovever. hac it- limitation-. When the labor im-olxeil in matinc tic 
h' t(i the leee— ive -took i.- an item and the diiei t i-n-- c ea-Jy made the iattei 
pieteraliie. An example of thi- i- the phlox plant m which each pio.iact- .a 

niaximuiu ot only thiee -eed-. The phlox plant i-. however, very re.id'iy 
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RR 


X 


White 
r r 


F| Hybrid 
Roan 
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In I'litTiu ;i ! lutui ' '/.yiii '11^ muu 1 '^, Rr. i' li;t( ki'uis'Uii t" ilumiimut-ieil parental 
strain, twn na!! i.e piDilui-eil. mie i-la-s nf lift-'i-nzyanu- animal', Rr. which will 

he man aid tlw i.thm cia" .ii hniinizysiou' RR. whn-h Aili lie i-pil Backcro.s'inu; to 
lii iiniiuuit-pa’ I'll tal 'tiaiu will yieM two pihein itypn- cla"e~ mily under cijuditiuue of 
inc, iiuj iSete 1 !■ iiiiinance. 
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linated. and an r 2 generation is easily obtained. In phlox the testcross is seldom used. 
In inheritance studies in tobacco, corn, foxglox-e plants, and many others in which 
hundreds of seeds may be obtained from a single hand-pullination, the use of either 
the testcross or the direct cross ma^' be equally desirable. The fruit fly. Drosophila. 
is another example of an organism in which either the direct cross or the testcross 
may be used eciually well. Fruit flies are cheap, they cost little to maintain, they 
prf)duce many offspring from a single mating, and the interval between generations 
is short. A later section will emphasize the use of the te.stcross m linkage studies, 
particularly with Drosophila. 

The Probabilities in Mendelian Segregation and Recombination — 
the “Goodness of Fit” in Monohybrids 

The probabilities in Mendelian segregation and recombination have frequentlv 
been illustiated by the chance falling of heads or tails in tos^mg- coins. Segregation of 
the dominant and recessive factors of one pair of alleles may be illu-itmted by tossing 
a single com. With one toss the coin falls either heads or tails. The same situation 
prevails in the segregation of allelic genes as A-a to gametes. In either male or female, 
normal .'egregation of one pair of alleles contributes a dominant .1. or a recessive a. 
to a gamete, nurmallv never both dominant and recessive genes. 

THE PROBABILITIES IX RECOMBIXATIOX— ///./.strafed hp Tossing Two 
Coins. The gametes, both male and female, carry either the recessive or the 
dominant gene of a jiair of alleles, and during reproduction in Fi hybrid^, dominant 
and recessive genes are recombined at random to form the F.j genotypes. The 
probabilities of this chance recombination of F, gametes to foim the 1:2:1 ratio of 
F 2 genotypes may he illustrated by simultaneously tossing two coins as a dime and a 
penny. Heads of one coin, the dime, may repiesent a male gamete with a dominant 
gene; tails, a male gamete with the recessive allele. Likewise, the penny may repre- 
sent a female gamete with heads a dominant and tail.- a reces'ive allele. 

These two coins may fall in combinations of two heads, corresponding to the 
double or homozygous-dominant genotype, as . 1 . 1 : one head and one tail, corre- 
sponding to the heterozygous genotyjie. .1": or two tails, corresponding to the 
honiozygous-iece'.'ive genotype, aa. These are the possible combinations of heads 
and tails in tossing two coins together, hut what i- the probability or chance of 
getting one of these combinations in any single tos^ of the two coin^? hat are the 
probabilities of realizing these combinations or two heads, one head and one tail, 
and two tails in the ratio of 1:2:1? 

.\ coin ha- equal chances of falling either heads or tails, d’he chance of its falling 
heads in any one to-s is then one in two or 1 2. What then i- the chance 01 both coin- 
falling liead- if two are tosseil simultaneou-ly? This chance may be detennined 
mathematically by the formula 12X12=14 or one in four. Similarly, the 
chances for both falling tails is also 1 4 or one in four. Theie is a chance of one in fnur 
or 1 4 that one coin, the dime, may fall heads and the other, the penny, tails, ami 
there is an equal chance that the dime may fall tails and the rpenny heads. The 
prohabilitv that one coin may fall head? and the nther taih may be e.\pie.s-ed 
mathematically as ] 4 + 1 4 = 1 2. 

Matheiuatiiailly. the probabilities nf obtaining tw<) heads, one he.id and tiiie 
tail. I.I two tali- III tii'-ing ceiii' may tie -hon n 111 tin- e\]ian-ii m -p / , - in w liicii 

h lepie-cnt- l.ca‘l'. f icple-ellt- tall- .tlld the eximneilT 2 .liiia'.ite- the number ei 
i uins. Tl,ii- -iin'c the l•il:ulce i.l a ciiiii, ialluig lieail- t.sil- em- ii. twe. ei ] 2 
at any one toe- o’ a i-oiii' 
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= (1 2 )^ 

= 1 4 

tliat is 1 chance 
in 4 of 
o-ettmg two 
heads 


- -Iht 

+ 2a 2;(1 2i 
+ 24 or 1 2 
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in 4, or 1 
m 2, of oettiii'j 
a head and a 
tail 


^ t- 

^ a 2i^ 

^ 1 4 
1 chance 
m 4 of 
getting two 
tails 


From the ahove it may he seen that in the lealm ot pure chance, a' in tossing two 
coins, heads and tails may he expected to occur in the latio of one pair of heads, two 
pairs with heads and tails, and one pan ot tails. With a sutticiently large number ot 
tos'e> of coins, this latio may he realized with a statistically unimportant or in- 
significant error. 

By analogy the priihahilities, based on piiie chance, are that either a homozygous- 
ilominant. as .4-4. or a homozygous-iecessive. as aa. genotype may he found one 
time in foui in an Fj monohyhnd generation. Statistically, the possibilities are tlrat 
a heterozygote, as .-In, may he found twice in four. Stated otherwise, with large 
numbers invoh-ed. the statistical probabilities are tliat one-lialf of any moiioliylirid 
Fj geneiation will he lieterozygotes and tliat gene recombinations in the genotypes 
of an Fo generation of a nioiiohyhnd will occur in a 1:2+ ratio. 

tiouD.N'F.ss OF Fit, In geiietical work only appro.ximations of the expeeted 
Mendelian ratios are generally realized. Rarely indeed is a true 3:1 F: ratio or a 
perfect 1:1 backcross ratio oi>seived. Even with laig(‘ immbeis of individuals, the 
phenotypic classes may rleviate from their expected value. The geneticist is inter- 
ested 111 learning how well the appioximate I'atios found in experimental work 
actually fit a true Mendelian ratio. The phia-e gimihifss- nf tif has been applied to 
studies ot relatirms ot obseived and tlieoietical values nt Mendelian ratios. Statis- 
tical methods devi-ed foi testing the signihcaiice of the d.eviations from the true 
Mendelian ratios make it possible to learn it the <lpviations are sutticiently great to 
suggP't tliat the a"umpnon of a 3: 1 or a 1 : 1 latio is not ju-tified. 

DETERMIX.4TI()X <.)E THE EXPECTED R.\Tlo. In one of MendcFs 
expei iment'. he hybiiilized tall and dwarf |iea plant- and grew an iC generation of 
7^7 tall plant- and 277 dwall plant- hi a total of 1.0114 plants (p. .50). fiy dividing 
the iiuniher in the larger clas- 7^7. hy tliat in the stnaller. 277, an observed ratio of 
2,^4- 1 Iiot the expecteil 3:1. i- olitaitied. The exact 3 1 ratio in a iiopulatiou of 
1,004 call lie calciilaTcil a- 7'.fs'200 oi the number o! indiviiluals expected m the 
doTiiuialit and lece — .ive cl.i--e-. 'e-pectively 1 he ob-erved willies 7S'7:277 therefore 
-how a ilc\ iatlon oi 11 fi oiu the expecteil latio of 70's tall ; 20ti dw arf plant- ill the 
I' _ populaTion of 1.1)114 1 ho jiopulation or 1 0(14 wa- actualK' oniv a sample of the 

po— ible lecomiiination- oi tlie tliou-alid- (i! jiroliable gamete- produced liv tlie F. 
moil, ihyhi ni- The iiuc-fion may ari-e a- to the validity of Mendel'- 3:1 ratio. Is a 
ratio o! ,^l .2, I a good 3' I latio m thi- -aiujile pojiulation Hiov ireiiuently wainld 
-uch a deviation tiom the expecte,! ratio oi-cur due to chance, that i-. the etror ot 
random -ampling',’ 

('HI-Stah\RE -VS .\X IXl)IC.\TIi)X OF THE SRtXIFIC.bXCE OF THE 
DE\ L\. ri<4Xh >t:i'')-tii la'i- ti— t the iiiipoitaine of -igiiificance of deviations flora 
tlie expected numlici- in Meicle'.iaii ratio- !,v the chi-square method, (’hi. the 1, avei- 
i-a-c ( iifc'k. Ii'ttci \ 1 - 11-ed to iiiilicate the -tati-tic.ii te-t lor gooiine-- ol lit of oi-- 

"f! \'t‘r i I ItT:! T' ' tl .D t i 0> (Iff' m’J V f \{ If ottM I 1 ofiM 

I 1 e c,i!i;t.i! letti-l- A .\ _. etc ale u-oil to dc-ignate the ob-Mu-oi! '.'alia.- in i-,ii-h 
chi— . .11+ til. tnooi.-ta-ahy cxpei ted iiumiici :- imiicatcd liy Tlie deviation- an- 
ther, .\ — /- .nei .\ ^ — In ca'i niatuig chi-sijaare t''-(- iilns in-i nnnu- - h-rnatiori- 
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ijf the observed data from the theoretically expected values are each squared. Each 
S([uai'ed value is then divided by the expected luinilter for that class, and the quo- 
tients are added together to give y-. The deviations are squared to use their relative 
sizes and not their actual magnitudes in the calculations. 

The mathematical formula for calculating chi-square is; 

, (Xi — m)- (Xo — m)- 
^ m 

In IMenders problem with 7s7 tall and 277 dwarf as the observed value-^ in a 
total of 1,0(14 pea plants in the Ib generation, a 3:1 ratio is expected. But the ex- 
pected values in the two classes are 79S tall and 200 dwarf. The deviations are 
A'l — in = 7n 7 — 79s = —11 anJX 2 — m = 277 — 200 = 4-11. 

When these values are substituted in the formula for calculating chi-square, it 
becomes : 

, (7S7 — 79Si- (277 — 200)- 

X" = — - - ' H 

in m 

_ ix.Ui" ■ il'i’ 

7 9b 200 

— “T ^“br>o — 9.152 ~b 9.4*55 = O.OIO 

X" = 0.097 

C'hi-S(iuare would be zero if the total ol.iserved miinber in each class weie the 
same as the expected. Tliu.s, the value of chi-square will Uu-rfaur as the oliserveil 
numbf'is fin'iati ill iiirrcnning mninnil.'^ fiom tlie exiiected. Conversely, the value of 
chi-square will decrtose as the obseited nuiabeis n iiproarJi tin i.rpectnl The relative 
magnitude of chi-square is imiiortant in biological studies became it indicate' the 
tit of observed data to a hypothetical ratio. 

Statisticians use tables for th(' distribution of chi-square to indicate the relative 
Value and significance of this constant in statistical proldeins. due of these table' 
prepared by Snedecor from a study cO 400 latios indicates that a chi-square vahu' ot 

0. 007. is 111 fact very low. He states tliat '•by a fairly general concurrence ot opiniiiii" 
a value of 3.N41 is legarded as large or. as the stati'ticiaii puts it. significant. The 
.5-per-ceiit point is 3.S41. which mean' that only 5 per cent of all samples has a chi- 
scjuaie value greater than 3.441. This aKo means that there is only one cham-e m 
20 that a sample will have a chi-'(|uaie value areatei than 3.S41. 

Thus Meinlel's ohservod values of 7s7 lor the tall and 277 for the ilwan plant' 
wdth a deviation ot —11 and —II did not deviate 'igmticaiitly Iroiii the expecteil 
79'':200 ratio. This conclusion i-oiitiimod Xlendcl's ob.seived ratio of 7x7 aial 277 
as actually a good 3'1 ratio. 

Questions and Problems 

The solution of the following jirohlems in Mendelian heredity requires attention 

to: 

1. Data on the iiuinbei and kind' of genes involved in the inheritance of the chainc- 
tcnstics undei consideration 

2. iMeiotic spnreiiation of the metiiheis of the pairs of allelii' genes concerned in the 
iletc! iiiinatiou of the tiait' -Fig. 0. 10. il. 14. and 33; 

3. Recombination oi tlie inembei' o! each pair ot apn**.; when the aanietc' lUse at 
Icrtilization iFig. Rl 15. aii'i 22- 

4. CalcuLitmu ot phenotypic latioS ha'cii on the ilominaiit-iece"!Vc a* tioii o! 
allelic genes. 
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Data on !Monohybrids in Rodents 

In rodents such as rats, mice, guinea pigs, and rabbits, full coloration vs. albinism 
is determined by a pair of allelic genes, C-c. Full coloration is determined by the 
dominant member C and albinism by the homozygous-recessive cc. The distribution 
of color, the solid or self-coloration r.s-. spotted, as in black and in black with white 
spotting, is conditioned by an additional pair of alleles. 8-s. Self-coloration is con- 
ditioned by the dominant member .S' and the spotted trait by the homozygous-reces- 
-ive ss. In guinea pig-^ a third trait, rough coat rs. smooth coat, is conditioned by the 
allelic pair R-r. rough being determined by the dominant R and smooth by the 
homozygous-recessive rr. 

1. What single biological fact (now discovered! was a factor in the slow development 
of the facts ot heredity? 

2. Discuss the impoitance of a recognition of the male and female sexes in animals 
and plants as a factor m the development of genetics. 

3. Are there any evidences that man observed the facts or heredity beiore the 
science of genetics was developed? 

4. What were the contributions of the plant hybridizers to biological thought? 

5. Discuss the relative importance of Alendel's contribution to biological thought. 

b. Who were the men associated with the rediscovery of Wendelian principles of 
heredity? 

7. When a black-coated lenialc guinea pig. CC. is mated with an albino male guinea 
Iiig. cc. the F] generation, Cc. of males and female.s is all black. Explain the 
chi'sesand ratio of animals expected in the Fj generation. What is the biotyjiic ratio 
in the F'^ generation? (')n the liasis of I-b genotypes, what kinds of gametes will be 
proiluced by the individuals in tlie Fj generation? It mating within each biotypic 
chi'S of the I'b is assuiiiod, what ratios may he expected in an F:, generation? 

S. Assume that a I'lUie-bred. sulid-coliir or self black mouse, 88, i.? mated with a 
black-aiid-white-spotted male mouse. Piedict the charactenstics of the F, 
geiieiation. If F; animals ol this type aie mated inkr .m. F. X Fi. what sorts of 
animals may be expected in the F^ generation? Show exactly how Mendelian 
piinclples are demon.'tiated in a croSs of this type. 

0. Assume that a lougli-cfiatcd guinea pig. RR. is mateil with a smooth-cuated temale 
guinea pig. rr. ('airy this hy]>othetic;d cros- to the I'j generation fimpliasize the 
segiegatioii of genes when the F; animals pmduce gametes. By use of the cheeker- 
'oo.iid. indicate the recombination ot genes tr> obtain the gentrtypes of the F. 
gtuic! atioii. What latio of aminal type- i- found in tlie IF geneiatioiF’ 


MoNuimiKIDs IX 1 iFtO.soI'HII.A 


The iiuit fly ol t'lnegai liy. /Z/.oc/./o/.; /./e.iu./v/. / , i- the standard experimeiita! 

aiiiin.d in l.i! h n atory coui'es m gpnetns It tbi's.- tlie- aie available, it is pos-ihle for 
students to make i'io~s./s iin-.,b,n,g -t-veia! distinct cha ' actci istics u hiali tollou 
Mcnda-l's Laws Heredity. 

D.it.i on donii’iance and lei e"!vcnes- .,t -,,r,ie or the iiiaiiy hentai.le characteris- 
tics ill the fnut fly iioin the chronio-om,. map iFig. H9, p. l.il '. 


tilin' 

u'-'d r,pt 

• iiav-bo.ly culor, />’/>’ 
I riaV-! o.lv ■ oil.’ EE 
R. a'-cy,- cblo: I'.p 

i;.a-.A-. SS 

Rtd-lV. C.io.r .S, .s’, 

Red-, y, cok.r, PR 
Long V. .rm. FF 


/itCtssa c 

Mutant Typr 
B!:ick-bod,% color, bb 
Lbriny-body color, .. 
Rurplc-eyc coloi i, ij 
.■soji.a-oyH .-i.lor 
iscarli r-cvf . oior. w 
Riiik-cvo ■■olor pp 
?'hort vc-ngial wing. 
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10. If a normal wild-type female fly with gray body. BB. is matetl with a mutant 
lilaek-body type, hh, what will be the nature of the Fi flies? Emphasizing the 
segregation of genes, diagram to show the types of gametes which the Fi male 
and female will produce. Predict the genotypes and the characteristics of the F-: 
generation. "Wliat ratio may be expected? Which !Mendelian principle is in- 
volved in the production of the F 2 genotypes? 

11. A student made a cross between a wild-type female Drosophila with red eyes. 
PrPr. and a mutant-type male fly with purple eyes. prpr. In the Fi progeny 
there were 63 females and .55 males all of which had red eyes. Fi female-^ and F-, 
males were mated to obtain the F o generation. Examination of the F -j flies showed 
that there were 14.5 flies with red eyes and 55 flies with purple eyes. Explain the 
biological and genetical features of this cross. What Mendelian principles are 
involved? 

12. Just previous to a vacation period, a student made a Drosophila cross and ob- 
tained an Fi generation of wild-type flies with red eyes. He mated Fi females to 
Fi males and left on his vacation. Upon his return he found an F^ population of 
100 wild-type flies with red eyes and 30 flies with a mutant-eye color which he 
identified as pink. Failure to find his original notes convinced him that they had 
been left out of his brief case when he left his home to return to college. How 
would you explain the nature of the original cross? 

13. In problems 11 and 12 above, the two classes of F-j progeny. 14.5:55 and 100:30, 
respectively, are not quite perfect 3:1 ratios. How do you account for the dis- 
crepancies? Supposing there had been 1,000 Fj flies in each case, would the 
chances of a perfect 3 : 1 ratio have been increased? What if 10,000 Fj flies? 

14. A student crossed the normal wild-tyjie long-winged Dro.sopliila. IT, to the 
mutant-type vestigial-winged fly, vv. Tlie Fi generation of males and females all 
had normal long wings. Mating Fi females and Fi males yieldeil an !'•> generation 
of 520 long-winged flies and 140 flies with vestigial wings. Explain the biological 
and genetical principles underlying these results. 

Monohiurids in C'orn .\Nn Whe.it 

Data on the dominance and reces.siveness 01 the heritable characters m corn and 
wheat. In the common field corn (maize), the aleunuio colors are conditioned by three 
distinct genes. A-a or C-c or R-r. In each of these, the dominant gene (.4 or C or ) 
conditions the character of colored grain I'usually redi over the reces^ive genes (« or 
c or r) which condition white giains. In a similar manner, purple-giain color is con- 
ditioned by Pr. a dominant-color factor, ami red by the corresponding allelic gene, pr. 
which is recessive. 

Likewise, in wheat the gene conditioning red-grain color i' dominant over that 
conditioning the white-grain color. This pair ot allelic genes is indicated by R-r. 

There are several heritable endospierm characteis in corn. In the case of sweet 
corn (garden corn), the sweet character is due to the homozygous-recessive gene 
■iu-su which conditions the development ol .'Ugar. instead of the customary starch, 
in the endosperm of the grain. Starchy corn h conditioned by the dominant gene S/i. 
Another endosperm charai’ter is the rece..^sive trait oi shrunken gram as coiitiasted 
with the normal full grain. The allelic genes Sh-.ih condition tliese endosperm 
characters. 

In considering the heritable characteristics of seed.', it i< important to remember 
that many of the seed structures borne on the mother plant actually belong tc, tiie 
following'generation (pp. 30. S6). Character' 01 thi' nature are the color' and 
starchy or sugary nature of the cotyledims of peas. Memiel nientioneii tiie lact tli.it 
the F'. segregation in pea seeds ciouid be seen in the po<i' prodin^ed on the I - p.aiit. 
Fo segregation in corn seeds can be seen on the eais prt.duced on the I . plant'. The 
endosperm and aleurone structures are produced as a result of a '■ double lertiliza- 
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tion" in the embryi) sac of the ovules. Because of this fact, the F: classes may be 
counted on the eais produced by the Fi corn jilaiit. Thi-: fact should bp kept in mind 
in I'onsidering the following ])robleins. 

15. An e.xperiiiienter bar! grown two -strains of corn in widely separated fields for a 
number of years. One of these strains produced only red grains, while the other 
produced only white grains. In the summer of 1950. lie took pollen from the 
tassels of the white race of corn au<l applied it to the silks of the red strain of 
corn. The seeih of this cross were jdaiited in 1951. and at harvest time of that 
vear. the Fi corn plants hail mature ears with both red grains and white grains. 
One of these ear.' had 32s red grains and 1 1 1 white grains. Explain the biological 
and genetical jn'inciples underlying these lesults. 

16. Assume hybridization between corn plants producing purple grains and those 
producing red grains. With the use ot diagrams, explain the biological and 
genetical priiicijiles involved in accounting foi the predicted F ^ generation. 

17. An ear of corn has 340 juirple grains and 1 16 red grains. Give an explanation of 
tlie ancestry of the plant uhirh produced this ear. 

bS. Assume hybridization between starchy field coin. Sit-Su. and one ot the garden 
varieties of sweet corn, su-su. Describe what may be e.xpected in succeeding 
generations. .Show where the inheritance follow' Mendelian jirincijdes. 

19. Predict the nature of the F. and F-^ geneiutions secured by hybridization be- 
tween a corn plant piodncing grain' with lull eiidospcnn and one producing 
.shrunken endospeim. How do Mendelian iiriiiciiile' a])ply m this case? Explain 
by diagrams. 

Mon-OHVBUIDS IX Pl.IiS 

20. Glossing -tai'chy pea' with round 'ced', IPir, with sugary peas producing 
wnnkleil -eed.'. irir. rc'ult' in the ilevelopment of an Fi plant. This Fi pea plant 
produce' [lods which contain both round pea' and wrinkled peas. Thus, the 
scgiegatioii of character' may be oliseived directly without actually growing 
the Fj goiieratioii. 

If tall pea' ami dwail peas ,ire hybridized, the F; plant i' proilui-ed as in the cross 
above. However, in this ra'o it i' nei-C"aiy to plant the 'Ced' produced by the Fi 
plant ami actually to giow the F. jilaiit' in onlet to oloeive the segregation of the 
cliaiactcis tall and dwarf. Explain why thi- i' ttue. In older to 'ol\-e thi' problem, it 
mav be iierC''ary to diagram e.ich or tin- above l•I■o"e'. keeping in miml the natuie 
of the chaiactpi I'tic' under <'oii'iiieiation 

Moxohi Buii)' rx Hi'mxx Herxo' 

21. Ill mall many cbanii tci I'tic' are known to tie mbenteil on e.xactly the same 
IMeudeliaii ba'i- ii' the tt'.iit' ot plant' and aiiiiiial'. .\ame some heiitable 
human tiaiT' ot tlii' natiiic. 

22. Explain in detail liow albmi'm i' inbeitted in man. 

23. It I' now re-cognized that MeiideP' I.aW' oi Heiedity may lie univei'ailv applii-d 
to ail plant' and animal', iiii-luiiing man. \\ bat bioiogu-al pbeiioiueiKt lunda- 
meiital to Mftuielian prim-ipli-' oe-cui in ali toini' or liie both plant and animal 
land mail'? How aie tbe'e phein iiiioiia lelated to .Mendelian principle''’ 

IXioMCLtit DoMIXaXi K IX .MoXoin IIRII)' 

24. E\[)lain m dotaii the nbe-i etam-e ot the loaii .-i-aKe-tei ni oattlc See data, 

p, o7. 

25. ( 'ro" 0 ' Oft i'. ei-n I 1-1 r tin vai a-tii ' of phlox !)!od'ii-e an intei mediate F known ;t' 
titiibriate Explain the inbei .Tam i- m thi' iii'tam-i-. 
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26. Compare the genotypie and phenotypic ratios which may be expected undei 
conditions cjf incomplete and complete dominance. 


The Backcross or Testcross 

Problems in the use of the backcioss or testcross may be solved by following the 
part of the general directions on ])arental ty]>es. Fi. and the segregation of genes in 
the Fi (p. .50). It sliould be noted that mating the heterozygous Fi to eithei of the 
paientul types involves the recombination of the two (or moie) types of F, gametes 
with the single tyjie of gamete produced by the homozygous dv pure-hred ])arental 
stock. 


27. Crossing the black guinea pig. CC. with the albino results in the iirodiiction of a 
heterozygous black Fi animal. Cr. Assume that the F^i animals are testcrossed to 
the dominant-black paiental stock. What results, gcnotyjiically and pheno- 
typically. may be expected '' 

2n. Assume that the F> animals Irom the black X white guinea-pig cross are test- 
crossed to the recessive-albiiio paiental stock. What genotypic and phenotypic 
results may he expected? 

29. With the roan-colnr charactmistic ot the heterozygous condition lollowing crosse.. 
between red and white animals in the Shorthoin bieed of cattle, predict the 
phenotypic results of testcrossing the roan to the red type. What will be the 
result of the testcross roan X white? 

30. Compare the results of testcrossing the heterozygous F. to the paiental types 
under conditions of full dominance witli those ohtained under coinlitions of 
incomplete dominance. .Are there any difference.^ in the genotypic latios in tlie 
two cases? What causes the differences in the lesults ot testcrossing? 

31. Definition of terms. What do you understand by the following terms? 


homologous cliroiuosoines 
allele- or allelomorphic genes 
111 iini izygous com 1 1 1 ion 
heterozyg'i lU- com lit ion 


genotype 
phenotype 
gamete 
zygi ite 
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chapter 4 


Assortment of Genes — Mendel’s Second Law of Heredity 


After proposing the principle of segregation and recombination in mono- 
hybrids, iNIendel stated, “The next task consisted in ascertaining whether 
the law of development (heredity) discovered in these Imonohybrid.s ) ap- 
plied to each pair of differentiating characters when several diverse chai- 
acters are united in the hybrid by crossing.” Consideration of this problem 
led to his formulation of the Second Law Of Heredity, 'I'he Free or Independ- 
ent Assortment of Genes. This law has to do with the grouping of the prod- 
ucts of the independent segregation of the members of tw<.) or m<jre pairs of 
genes. 

Dihybrids 

DIHYBRIDS IX PEAS. The Inheritance of Seed Characters. Among 
the several characteristics of pea plants which iMendel studied were the color 
characters of seeds, yellow and green, the genes or determiners of which may 
be indicated as Y-y. He combined these color characters with the structural 
characters, round seeds and wrinkled seeds, the genes of which may be indi- 
cated R-r. These seed characteristics, he said, “gave results in the simplest 
and most certain way.” For hybridization Mendel .selected pea plants which 
bred true for the dominant characters, yellow round seeds, and itther.'. which 
bred true for the contrasting recessive traits, green wrinkled seeds. The.-e 
seed characters are developed in the embryo. Yellow and green are the colors 
of the cotyledons, and the round or wrinkled feature of the ^eeds is depend- 
ent upon the nature of the stored carbohydrate- in the cotyledon'.. If 
carbohydrates are stored in the form of .-tarch. the i-otyledons, when dry. are 
full and consecpiently the seeds arc round. If carbohydrates are 'tored in the 
form of sugar, the cotyledons, when dry. are .-hrunken and the .-ecd.- appear 
wrinkled (Fig. 41j. These seed characteristics are de\-eloped in accordance 
with the action of the genes in the genotype- of the embryos, ami the embryo- 
as young plants show the character- in the .-eeds a- they mature.* 

* Inherited eharaeteristics ni.ay bei-onie at liefina.. -Uttre- in t!w . .pini.;.- 

of organisms, and the time of development may vary with the -i v.-rai ei 'ir.o T. r'. ( har- 
acterLstics such as those of embryos of plants nr ammab a.o. \ -lUit at n latitely eari' 
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Following hybridization of the two parental varieties of peas, yellow 
round, YYRli. and green wrinkled, U]jri\ the seed.s produced in the pods on 
the seed parent contained the Fi embryos with the genotype YyRr. Since the 
cotyledons of these Fi embryos or young first-generation plants were yellow 
and starchy, the indications were that the genes Y and li were both com- 
pletely dominant. When INIendel planted these Fi seeds, he found that ■‘the 
plants raised there-from yielded seeds of four sorts which frecpiently pre- 
sented themselves all in one pod.” In all, .556 seeds were produced by the 
naturally self-fertilized Fi plants. They .showed four classes of the segregat- 
ing characters as follows: 315 round yellow seeds, 101 wrinkled yellow seeds, 
108 round green seed.s, and 32 wrinkled green .seeds. These numbers can be 
arranged into a ratio of approximately 9:3:3:1, about 9 round yellow; 3 
wrinkled yellow: 3 round green ;1 wrinkled green seed in the entire popula- 
tion :Fig. 41). When, regardless of color, all round seeds are grouped 315 -f 
108 and compared with all the wrinkled seeds, 101 32, the ratio of the 

total numb(‘r. 423 : 133. is approximately that of 3 ; 1, the typical mouohybrid 
F-j ratio in cas('s of fidl dominance. Likewise. c))iisideriiig color regardless of 
shape, th(' total number of all yi'llow seeds. 315 -J- 101 = 410, compared 
with the Total number of all green seed'. 108 -j- 32 = 140. that is, 416; 140, 
also yit'lds approximately a 3:1 ratio, 'rims, the tl:3:3;l phenotypic ratio 
which Mendel obtained may bo thought of a' a 3:1 ratio multiplied alge- 
braically by 3:1, that is, ^3 -f- 1 ) (3 -r 1 1 = 9 -|- 3 w 3 -r 1. 

.MEXDKL’S E.XPL.VX.VrioX • )F THE 9:3:3: 1 TATIO. Though 
Mendel wa- unacquainted with the behavior of chronnjsomes in meiosis, he 
saw ch'arly that when the dihybrid jtlant formed reproductive cells, the 
members ef each of the two pairs of determinm's for the TW(j pairs of contrast- 
ing charactm's must ha\-e -eparated independently of tin' members of the 
other pair. A' a corollary of the imlependent '(‘paration of the (.letcrminers, 
he jio'tiilated the grouping of the determiners in the gametes into four possi- 
ble ('([ually numerous assortments as YH. )'r. .-//f, and yr. This is the basic 
feature ot his Second Law of Heredity 

.''c.r \i: \Tio\ oF TUf. ( 'niicon )s( )\tr,s axd Ass( jiiTMr.xx of (.Iexes. It is 
now know n that the cell mechanism respon-ible for the separation of chroino- 
'(iincs. ojierat'we during nieiosis. lead- to the prodm tion of spofes bv the 
Fi hybrid plaiit : Liu 11 . The member' of the pair of genes, F-,'/. deterniining 

stages ( cC,.; - I'i.i’. i" \ I'ini, iri Tr,, inaMit sTagf- i a t hr he- -j j;, ri .'nli ' a h.a - j-iav icit 
be VI" it '[t .iiT J till: i:):i t .1 i -t t j,-' i »» t ni-ifi liil« 'riu- may nm s.how 1 1]) unt ii uM atrx 
ha" bt tTi I * 'll- li'-i i >' i a''!*'!’' v\ bit f! 1 1' 1 ‘ »ii lb”, flupiii* ii t*- t ii t 'm 1 1 [i brvtt am I in 

•sniin' th” ' 1 — n-* ar*- c .-rly in T'» iitf -{f,;n I It iwt r cmloi . fruit 

I ( .ji >r, fruM ! riu ''’.‘1 »t'. i ■ • v* i ii< » nn* ibw »‘lop .lU li t h»‘ plan” i' rmwiir*- Si-muI t-har- 

mf nwtiiv k U'b r-xpr-r-MMl iT, r} 'JCfmmrqrit.n m thy -tu-J. pro- 

'i'.onevTi, 1 a- • ish,.... se, i-loas .a,. U „ iiaa-. 1 l.y 

th* 1 -I :■ o e. ^ S, .. p .f.,,., Tiir\ 0,00 rr, I,,' 

-•ii.i'teM. : or-.-, M.-.y ,,, tl., ■ aai a •... -t.. s ,a o .. 
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Ft 






FOUR POSSIBLE ASSORTMENTS OF GENES 


F, GAMETES 



P’lG 41. Snu' LrAXFDU- [nhiikuaxi e (jf Two r.ciR^ of Ci.intra''Tin’i, (’hvkvi n.U', 
Yellow Hound Plae. and Gef.fn Wrinkled Pf.a^. 
iMoilitird after Hill. (Tverholt', and Popp: •■Botany." 2iid ed. Xe\N Ymk 
fMcl iraw-Hill Book Company, Inc.. 1!L50.' 


tile eotyledoii color.', vellow and sn-eii. are located in the two inemher.-^ of ont 
pair ot homolocuu.' chroiuo.'onic'. 1 in the one and •/ in the other honinlosiue 
1 he niemtiei'' of the .'econd pair oi ireiiC'. U-r. determining round and 
wrinkled 'ced'. are ea' li ^iinilariy loi ated in one ehromo'ome of a 'oeond pair 
of 'Vnaptie mate?. lYuriny, the nieiotie divi'ion<. the niemheix of these two 
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pairs of synaptic mates with their associated genes are arranged at random 
on the division spindle. The diagram in Figure 41 illustrating the separation of 
the member.s of two pairs of homologous chromosomes and the simultaneous 
segregation of the two pairs of alleles Y-y and R-r shows that there are equal 
possibilities that Y may be associated with R or with r in the separation. 
Likewise, there are equal chances that y may be associated with R or r . As a 



Ti'.'C pa.'rs of homologous 
chrcmcscTies 



Fn; 42. Beh.wiok of ( 'hkomo^o.mes during Meiosis. 

] I'hninio-iimc^ in tin- nuclei of any diiJoid orj^anUm; //, po.^^ibilitie.s of cliromo- 
-..inp aiTaimemont.-- on division spindle.s during meiotic divisions: III. possible 
■ 1 — .iiitmcnr-- of chromosomes resulting from division.s at ll. (Courtesy. Hill. Over- 
bolt'. and I’opp: ■■Botany." 2nd ed.. New York, McGraw-Hill Book Company. Inc., 
lit.'ii) ; 

re.'Ult of this independent and random 'egregation of the two pairs of allele.s. 
they inav be a."orteil into four pos.dble groups, YR. Yr. t/R. and y/r, in the 
numerical ratio of appro.ximately 1;1:1:1. The independent separation of 
two or more pair' of homologous chromo.some.s, resulting in the random 
grouping of rlie chroiuo.somes with their associated genes, forms the physical 
ba.'i' for Mendel’' .-irmul principle. The Free As.sortmeiit of Genes in the 
nr "P* irt'^ 

Ee< nMIilVATToN ( iF ( 


The 9:3:3: 1 ratio observed in the Fo gen- 
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eratioii may be accounted for on the a'^.'^umptioii of chance or random re- 
conibiiiatioiis of the f R. Yr. ijR, and yr asioriments when the Fi gametes 
united at fertilization following self-pollination of the Fi plants. With fairly 
large numbers involved, each of the four type.s of .sperms, YR. yR. Yr. and 
yr. might be expected to fertilize all of the four type.s of eggs. YR. Yr. yR. 
and yr. In other words, each of the four type.s of eggs, YR. Yr. yR. and yr. 
has an equal chance of being fertilized tty any one of the four type.s of sperms. 
YR. Yr. yR. or yr. As a result of this random union of gametes, recombina- 
tions of the two pairs of gene.s Y-y and /f-r occur to form the lb theoretically 
pos.sible genotypes of the I-b generation as .shown iii the checkerboard (Fig. 
41 ). Grouping of similar recomlauations shows the folbjwiug geiiotvpic ratio ; 
\Y YRR '.'lYYRr '.W Yrr:2\ ijRR:4:\ j/Rr:'2\ iirr:lyyRR :'2yyRr:lyyrr. Be- 
cause of the full dominance of F and 7i' o\'er their alleles. // and r. the.se gene 
combinations yielded the old round yellow, 101 wrinkled yellow. lOS round 
green, atid 32 wrinkled green .seeds in the F:; generation, or approximately a 
9:3:3:1 ratio. 

In most cases of dihybrid.s. if sufficiently large numbers are iu\-olvcd, 
there i.s mathematical probability that approximately the expected recom- 
binations will occur in tlie Fj generation. INleiiders actual counts for the 
four classes of the F^ generation listed abo\'C wore .sufficiently close to the 

17/ 
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9:3:3:1 ratio to indicate that his hypothesis was correct. Two of these four 
classes resembled the parental forms, while the other two were recombina- 
tions of the parental traits. Ot the classes resembling the parents, the round 
yellow type was like the double-dominant parent, and the other, the wrinkled 
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1 IMiiditicil aiti'i , K ( ';t'Tlc, Caincirip Publication =23, Washington, 19(J.‘).i 


giccn Type, which was the sinallest group, rc'cmbled the ilouble-recpssivt' 
parent 1 he two new chi'— es, the wrinkleil yellow tyjie and the round green 
type, recombined the parental traits entering the cro", 

1)IH\HKII)S IX I T AK DEX St^l ASH, Among the numerous mse.- of 
a"iirtnieiit 1 ' the conibinatinn ot iruit -hape- and fruit color' iii garden 
'ijila'h ll'iilt 'hape', 'jiheriiad and di.'k. couditloned by the gene.' .S-,s yield 
an 1 _ 3 1 ratio when (•ro."ed i Fig. 43'. White-.'iiua'li fruits are conditioneil 


92 


MEXDKLIAX FKIXCIPLES 


Guineo Pig Guinea Pig 

Block Rough Coot X White Smooth Coot 

CCRR ccrr 

1^) 


F| Hybrid 
Block Rough Coot 





F, Gametes 

fr.te 

Femole\^ 




0 



cR 


0 


iCr 


(cR 


cr 


■■ 

i 



CCRR 

CCRr 

CcRR 

CcRr 

Block Rough 

Block Rough 

Block Rough 

Block Rough 

CCRr 

CCrr 

Cc Rr 

Ccrr 

1 1 

Black Rough' Block Smooth 

i 

Block Rough 

' Block Smooth 

i 1 

CcRR 

CcRr 

ccRR 

I ; 

! ccRr 

1 Block Rough! Block Rough 

i 1 

I 

White Rough 

White Rough 

CcRr 

1 Ccrr 

CC Rr 

ccrr 

1 

j Black Rough 

! 1 

Block Smooth White Rough 

i i 

' White Smooth 

i 

i 


l'ii 7 . !”) [\iii I'LNii. N' "i i.!E <jA ; i'lV, A — 'i!:rMLXi, axd iii.i i aibixatioX' r (ilij iv. - 
i\,, 1 t ij I\\ ' .1 \ :m, "Fivi I i’ \i!:- I IF I , B Vi ^ ■ ( (Ul! ' WD'Mir," 

1 !a' ' I -r Tir; ri..- AAVA-rf' ! I! ('■ I tt .11"! IT 111 rl.i 

'itlw a: .11 . 1 I.I ■ A-. ...['aT--. ' i'i f -llll * a ilf 'll I'! Ai-AlA^. Hei.’lll'A 'A 

''■llililA'A ' Aii.l A. A I.; I'B.' 111. 1 ii‘ m ea" 1-1 All'! ti.c lA. 


•Ill itvi " 




'tl. liilA inllAl 


•Ulli V\;llt. aAiV'I)!'. 


r- EiMTi.ifi •' 






SegffiQotion of Genes Resulting m 
F. Gametes .. Four Possible Assortments 



Fir, 4ti. Ixhi'.ritaXi r, wr Twn FviR' or ('ti\i:\' tiR' ix I )i:o-opHir 
Uurxiu ii'pnr ;it;i as t':.r noiit-' I’ A', -lit" , — "■ '* ; t • a;i irrif' I A . • !• m.- i • f. 

Ill the iMtio o! 1:1. 1:1. Bt'-aii'P ni ■■nur ili-te ih iiii'i. inrr . ..’h- niixn’o*-’ lii eie r ;i;i;r 
o: n-pnf-s ana A,'-i. the ih uenuTypr' an ^ ^e!lt•!atl' ai in the paeiiotyjae 
rata > of h : o ’ 3 : 1 . 

03 



94 


MEXDELIAX PRIXCIPLES 


by the dominant gene I. which iiihilhts color. Yellow color in scjua.sh fruit.s is 
conditioned by the homozygous state ii, the reces.sive allele ot I. The genes 
liSs segregate, assort, and recombine in a maimer exactly as Yylir iu peas 
and yield an Fo phenotypic ratio of 9 white disk; 3 white spherical: 3 yellow 
disk : 1 yellow spherical, 

DIHYHRIDS IX GUINEA PIGS. In addition to the many heritable 
traits of hair color in the guinea pig, there are variations of hair arrangement. 
Usuallv the hair of the guinea pig lies flat and smooth over the surface of the 
bodv I Fig. 44). The.'.e types are called smooth-coated, in contrast with rough- 
coated, animals. In the rough variation, the hair grows in rosettes. Coat color 
and albinism are conditioned by the genes C-c. Crosses of colored and albinos 
yield an F: ratio of 3: 1 (Fig. 28i. Rough coat. K. is dominant over smooth. 
rr, and cros.'Cs involving these traits likewise yield 3:1 ratios. In dihybrid 
combinations a.s black rough, CCRR. X albino smooth, vcrr. segregation, 
assortment, and recombination of genes occur, again resulting in an F: ratio 
of 9 black rough :3 black smooth :3 albino rough: 1 albino smooth (Fig. 4.)i. 

DIIIYBRIldS IN THE FRUIT FLY. In the .section on monohybrids, 
the heritable variation of the fruit fly. DrohopJtila. black body c.s. gray body, 
was cited as an example of a character inherited according t(j IMendeliau 
principles. The simultaneou.s inheritance of two pairs of characters in the 
fruit fly may be illustrated by the cross gray body with long wings, EFA'V, 
rx. ebony body with vestigial wings, itw. Figure 40 presents the essential 
features of this cross. 

Incomplete Dominance in Dihybrids 

There are also dihybrid combinations of incompletely dominant genes. 
For example in the siiapdra.gon red flowers are determined by the genes 
RR and white flower' by rr. but bei-aU'C of inciunplere dominani’C the hetero- 
zvgote Rr produce- pink tlower.-. I.eaf form in the -napdragon is similarly 
determined by iucom[.)letely dominant gene-. It may be a--umed that broad 
kxu'es are BB. narrow leax'c.- hh. and intermediate types Bh. Crossing a 
broad-leaved red-tlowered snapdragon plant. RRHB. with a white-Howered 
narrow-lea\’ed plant, rrhh. would produce an F; w ith pink flow er- and medium 
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leaves, intermediate between the parental types. Self-pollination of Fi 
would yield an F ^ generation with a genotypic ratio of 1:2;1:2:4:2:1:2:1 
(Fig. 47). Because of incomplete dominance, the phenotypic ratio is exactly 
the same as the genotypic ratio. Table VUI. 

Considered separately, each pair of allelic genes conditions a 1:2:1 ratio. 
As to flower color alone, there are 4 red-. S pink-, and 4 white-flowered plants. 
As to leaf shape, there are 4 broad-. 8 medium-broad-, and 4 narrow-leaved 
plants. Each group of character.s .shows a 1:2:1 ratio of the other character 
in the dihybrid. The red-flowered plants all show a ratio of 1 broad-leaved 
plant to 2 medium- to 1 narrow-leaveil plant. Likewise, the pink-flowered 



Fig. 47. A Dihybrid wiih Lnv (j.mpllte Do.mi.na.m e i.\ Both Pairs of Factor.s 

A.S I.V THE .S-VAPDRAGiIN. 

E.'U'h bidtype will condition a recoonizable phenotype. The phenotypic ratio 
will, tliorelore. be uumeiically idwitical with the biotyph- ratio. 

and white-flowereil plant-- all 'how the 1:2:1 ratio of leaf shajie. Exactly 
similar ratio- of 1 red-flowered plant. 2 pink-flowered plants, ami 1 white- 
flowered jilant are to be found in each of the groups of leaf shapes, broad-, 
medium-broad-, and narrow-leaved plant-. Here, as in the monohybrid, 
incomplete dommanct' increa-e- the number of phenotypic clas-es over that 
expected where comjilete dominance jirevail.-. 

The -tudy of inheritance ha.- reveah'd combinations of characters in the 
dihybrid which -how complete dominance in one pair of factor- and incom- 
jilete dominance in the other 4'his i- illustrated by cattle with the combina- 
tion of the polled-hoi'iu'd condition iP-p. complete dominance! and the red- 
white-coar color iP-r. incomplete dominance Fig. 4S From mating- of 
cattle. f’PTlR. the genotype for polled 'horiile— and red-c(_)at color, with 
cattle, /-'/c''. the genotipe foi horne<l and white coat. F; hybrid- will have 
the genotype Ppllr and be polled ami roan in i-olor. When F; male and female 
are mated, the random union of the gamete- with the genes PR. Pr. pR. and 
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■pr will result in the recombination of genes in the F 2 zygotes to form 16 
genotypes. Because of the full dominant action of the factor P, all hetero- 
zygotes. Pp. as well as the homozygotes, PP, will show the polled character. 
Because of the incomplete dominance of the factor pair R-r conditioning coat 
color, only the homozygous dominants. RR, will be red; all heterozygous 





Fig. 4S. IIoknld .\xd IIornll^s Brllds of C.^ttle. 

Ltjt. a Shoitlmni ’i>ull rcpiesoiitativc "i a breed of liorncd cattle. Right, an Angus 
bull typiral of a lioiii!i'-> l)reeil. In croi-e- the In'iriih's^ or muley crindition is domi- 
nant over the hoineil. (Left phutoHiaph ceiurte.^y. Cook and Gonnley: right, cour- 
tesy, AV. H. Tomhave, .Secretary. Aniern-an .\berdeen-Atigu> Brecdeis Association.) 


IRR-3PRR polled red 
2Rr-6PRr polled roan 
Irr -3Prr polled white 
IRR-lpRR horned red 
2Rr-2pRr homed roan 

Irr - I P r r homed white 

Fig. 40. Simt-lt.cvi;ot-- Inhi nrr.vx- r: of PoLLLn-Houxi.D ( 'har.o teri.'-tk s and 
P.LD- nci.cx-wiii 1 1 . TuAir- ix Cat ri.f. 



iiiilivnliial'. I!'', v.ill bo roan, wluh- iho lionio/ygt ms rei-e--.ives. rr. will be 
white 'p b" The F_ phi-noiypn- mti,, eimih.rioned by two pairs of factors, 
one ( >1 who h sin comitlerc donunaiii e ami tht' other iui 1 implcte di mii nance 
i' therefore 3 : li . 3 ; 1 . 2 . 1 Fig F' . 

AIEXDEL'S L.AAA 1 >I 'KTMEXT LEVIITEI) IX IT.'' .\PPLIC\- 
BILITA". Ill the pr.-oi ,ling i-haprcr it wa- -ho-.vu tliat Meude!'.- First Law 
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of Heredity, segregation, has universal application to all sexually reproduc- 
ing organisms. It is necessary, however, to emphasize that the law of inde- 
pendent assortment has a somewhat limited application. Free assortment of 
genes is based upon the independent separation of the members of each of 
two or more pairs of homologous chromosomes. Thus, the principle of inde- 
pendent assortment may hold true for any number of pairs of characteristics 
provided the conditioning genes are located in distinct pairs of homologous 
chromosomes. (Fig. 42). 

In contrast, if two or more pairs of characters are being considered for 
which the determiners are all located in ont pair of homologous chromosomes, 
the principle of free a.ssortment of genes does not hold, and the phenomenon 
of tinkage is observed (p. 130). Since the number of genes in an orgajiism is 
very large and the number of pairs of chromosomes is limited to relatively 
few, it naturally follows that all pains of chromosomes carry a large number of 
genes. Thus, for any two or more of the large number of genes on any single 
pair of homologous chromosomes. Meudcr.s Second Law of Heredity, Free 
Assortment, does not apply, because these genes generally fail to separate 
and tend to be inherited together. 

Gene Assortments and Recombinations in Polyhybrids 

Bince all organisms have innumerable heritable traits, it must be evident 
that the abstraction of one or two pairs of coiitra-'ting characters for study is 
merely for the purpn.>e of simplifying the problems of heredity.* As the num- 
ber of pairs of contrasting characters is increased in trihybritls, tetrahyhrid', 
and polyhybrids, determination of the number.' of gene assortments in the 
gametes, calculation of the recombination (4’ genes in the F-j geinttypes, and 
analysis <,)f the phenotypic classes bec<.)me.s more c<)mplicated. 

CALCULATION OF GA^IETIC AND RECOMBINATION CLAS.-^E.' 
Based on the constancy of the bic.lugical iitocosses moiosis and fertilization, mathe- 
matical formulae, as Mendel sliowcil, may be used in tlie calculation of the classes 
of F ; cametes and of the uenotypic and phenotypic cla-ses of the F j generatu ui. 

The number of different acne assortments formed by any aiven hvbrid mav be 
calculated from the eiiuatiou ■ 2 ’ = v- Tlie (2 > in the fir-t term indicates the unifi am 


■' To review briefly the ti-iiii r-omi}, .pi: i,i is applied to an organism hetero^ygou' for 
one pair of alMie irene- ceaitlaioniiur tiie dev» lopinenl of a single pair of contra.-tirur 
character', 'ui h a- ( . tlie gene-. i oiehnotiin!: tilaek- and white-roat color in guinea pm-- 
The term hu' llkewne been prc'i-utej m tiie di'CU"iori of the inhentanee of coat 

color and hair char.acter- in the cuirie.t put It i- aitniirii tej an oritani'in heterozveou' for 
two pair' of alielie gene'. .Sijsiilaije . the t* rm r- f d" e/ i- applied to au orjtan.-m heTeroz\’- 
Itotl-; Tor three pairs of alielm rr-ne-.. i-.T-h i onilirionir.s; the di'velopment of anv one of 
three pair' of contru'tuut i harie-ti. r'. The fiiii' and pt/e'n/, are 'oiie - 

tunes iK-eii to indumte f, terozyz'O'Uo n, lonr and hve yp.urs rpf ale ie‘ itenf.' 'e-p.-ctr.c-lv 
Th>‘ general ti rm pe' ,/. i- p.-rh.tps inori- fn ipn ntly u-' il Th'- ti rm p.c' ,f ,de- ■/ unb- 

cat'‘s hetpcroz_\‘itO'.ity ;ii rn.'iiy n.iir' or .iti iriil-tir.ire n r iif a.lh lie aer.e-. The It- ri.-s 

"■ ifiiarlnr h . ", }, ..f ami " ■. '• u > /. .t-- •; an- .il-o 'i-pd nonymou'ly to imiwate 

the heterozygous eon'iUMii o: maiiv liiiir- <_»f it* ne- in one loritarU'm. 



A / 



acU'T l>(inini;«ut Jti L*n<l iii both 

for tlu‘ 2iul clijir- 
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or regular separation or segregation of the members of any single ]iair oi contrasting 
alleles, as Aa. into two diffeieiit gametes, .1 and a: the exponent, n, the nuniher of 
contrasting pairs of allelic genes involved in the hj'brid: and the la«t term ol tlie 
equation, the product, ;/. the total number of possible gene assortments in the 
gametes that may be formed by any given hybrid. Thus, for a monohybrid such as 
An, the formula becomes (2)‘ = 2. In this case the base (2) indicated that A will be 
segregateil from a. Since there is only one i)air of alleles, the exponent is 1 : and e.x- 
paiision of the term, l2f' = 2, sliows that two kinds of gametes. A and a. will be 
formed by the nionohybrid Ao. 

When two or more pairs of genes aie involved in a hybrid, the membeis of the 
pairs of contrasting alleles are simultaneously segregated, and the genes occur in all 
possible combinations in the gametes. In the formula for a dihybnd as AaBb. the 
base again is 2. indicating indepiendent segregation ot the two members ot each jiair 
of alleles, and the exponent becomes 2. showing the number of pair-; of allelic genes. 
The formula then becomes (2')- = 4, indicating the possibility of foui dil'feient gene 
assortments to the gametes from any dihybrid. 

In a trihvbrid, involving three pairs ol allelic genes, the formula for calculating 
the number of gene assortments is i2,)’ = .^.whoie again (2i imlicates the ^eglegatiou 
of the members of eaeh pair of allelic genes and the exponent, 8. the number of pairs 
of alleles in the trihybiid. Thus, tlie etiuatioii (2)" = S indicates the pos>ibilit>' that 
the trihybrid may pi'mluce gamete-; with S dift'orent kind-; of gciu' a-'ortnicnts. 
When large numbers of gamete.- are involved, the po— ibilitie- become -trong 
piobabilities. I’ndei normal condition- and with -utliciently large niimbei-. these 
pos-ibilitie« and probabilities become almost certainties Formulae for calculating 
the numbers of po-sible gene a-soi tmeiit-; in the gamete- of tcti aliybi id- and other 
multi- or polyhybiids are -liowii in Table X. 

Tabh X 

Rn-ri.T- OF .''Li.KF'.Allo.x .\NI) A. — okime.m 


Sty/ tf/alinfi i>/ Gi f/t^ in -1 //P# 
()/ lilt ii /■■^i/' ■! ifh: 


Tht A 'O/ hi/K nf (Xfit 
I'inin-i/il . 1 O/e /l/.- I fl iht 

( III n'f U > 


1 1 ' 11 piui "I allt'li'- ircii*" 

I 2: TWO pan - of 

1.3 tlirtw pail'' of aib-ln- 

4 tniir pair'i uf alh'li*' roih*." 

■ r) tn i- pair-' nr all»*li'' ri'-n* ^ 


2 kiii'l" of iraiio-T(‘s 
4 kni'l" nf 

^ kiiitU i>i iraiu'-tf' 
!o kirt'l- nr irAlUnTt*'. 

.12 kill- 1" ( •: miTiifT.-'- 


Ill additinii tn inriiiukio fni ('ak-ulatiiiii the pmhahie nuiiiket >>: Lroim a-"‘ )i tiiient.^ 
Ill tho iiaiunto-' i.>i hyl'i >chonie.-^ 'have heou dovi'O'l tn :iul in v'^ualiziiar. th(* pi'' ra*-" 
nf >('tiregatinri and the le^ultinii j^nne a'-nrtnieiit-. Tht* twn Ty['e^ ni Aaiiinte" pin- 
duced by a inijiinhybi id a< An inay be >iiuply wiitteii u'r. 

-4 and n. 

In the dihybiid AnBh. .1 i^ separated fimu n. Likonl-'e^, B and aie The 

iriirTiUla '2'- = 4 HidiniTo- tiio ibiiity nt r>uir ^er.p a-''" rinnrit' v.:r}. ah n, --.hit- 
rhaia'p <'i iiiibiiuitin!!- aiiiniar tht- twn allnln* itaii" Tlie A aeia* ’..II : a\'" fiijai 
opp( n't unity to be M'iate*hl in the "a nit" gamete wit.n eit ra-T B ^ a h. LiKew.sc, r'aTi: a >ni 
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segregation indicates an equal number of combinations of a with B and with b. 
In the four kinds of gametes, -1 will be in two of them and a in the (jthei two. This 
distribution may be sho\\n as; 

A a 

*4 a. 

The possible combinations of T with B and with h and of n with B and with h may 
be shown as follows- 

AB nB 

Ah ah. 

The formula (2)^ = h indicates the ])ossibility ot eight gene assortments in the 
gametes of a trihybrid as AuBhCc. In these eight kinds or gametes, A will occur in 
four and a in four; these may he written: 

A a 

-1 a 

A a 

.1 a. 

The random and equal combinations ot the gene pairs B-h and C-r with A-a and with 
each other may be shown in following a-soitments where hall oi the A genes are 
associated with B and ludf with h. r'irmlarly. the a gene appeals in a 1:1 latio with 
B and h. Identical iiumericrd pioportion^ ate found toi- B-h and C-c: 

ABC aBC 

A Hr nBr 

AhC nh<' 

Ahr abc. 

The gene assi irtmeiits in tlie gamete- ot a tefmhyhnd .{riBhCrhrJ. based on the 
formula l2i‘ = I'i, may be visuali/eil in a similar way. 

.iBr// atich 

IB 'll iiISC'l 

aBiI) iifSii) 

ABril aBnl 

.{IiI'Ij ilhCU 

Af“‘l) ahi'l) 

.{hril lth‘<l. 

THE 'ITlIHYHIlin. In aihiition to the character pairs colored, IT', rs. 
albino. II'. and rough. RH. ■ 'iiiootii. 'T. that 1k,\-c been u.-cd to illii.-trate a 
dihybi-iil in guinea pig', a thini pair ot hair characrcri'tic'. domiuant-'hort 
hair. >'x. ' ' 'be ri-'-o — I’.-c-variatioii-'oug hair. may tie atldcd to illu-trate 
iuheritaiicc in a ii'diybrid A .-ro" iiiC ol-.-mg the cliano-reri'nc' 

black. I ougli-coatcd. 'hot : il'ei 1 lonirde, I ( /i'/i'.k.k, 

X 

alcino. 'niooTh-ctjarcd. loiig-hr.trcd niaio, cc;-'-.'.s 

illustrate' luhcntam c ui 'hi' t-nhyiu-iil I .g .ill , I niou ot parental gametes 

IRB umi -.v!.' pi'oiiui-c i:it idomii:.!t.t-i,;;icic, i-ough-onritcil, 'hort-haii-ed 
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Fi, CvRrSs. The assortments of genes in the gametes of the Fi trihybrid 
guinea pigs will be CRS. CRs. CrS. Crs, cRS, cRs. crS, and cr.s, produced in 
equal numbers with the ratio of 1 : 1 : 1 : 1 : 1 ; 1 : 1 ; 1 in male and female. 

iMating trihybrids inter .?e in a sibcro.ss Fi male X Fi female will give 
opportunity for these eight types of gametes to unite at random. The genes 
will thus be recombined into (U genotypes. As the monohybrid F- generation 
is 3 + 1, the dihybrid (3 + IF, the trihybrid is, therefore, (3 + Ijb In a 
sufficiently large Fj population, eight phenotypic classes may be expected in 
a ratio of 27 : 9 : !l : 3 :9 :3 :3 ; 1 as shown in Figure ,51. 

'FHE TFTR,\HYBRID. An illustration of the tetrahybrid is found in 
the work of Little and Phillips with four pairs of unit characters in mice, 

'J'nhle XI 

I.M'EPE.NDE.VT (Ie.NE' I.V .V TetRAHYBRID MoC'-K 


dint'' Oivnulii': dofiiliJionid 


A-ii In the liotniimnt Uiitc. the wihl type of gray eoat called agouti “ in the hoiiio- 
goii.'-ieecx'n e >>ate. any color e.xcepting the giay typi' 
li-h In the doniitianf ~tate. hlack ciilor. in the hoinozygnu.' rei e-„.ive. ■my color e.\- 
ceptmg hhe-k u^iiall.N -oiiie hnnvii type 

Il-il In the iloniinant ~r:ite den-ity ot i-olnrat ion . in the hoiiKi/ygou.' rece-sive. 

dilution ot color, any color present in the coat. 
l‘-p In the dominant ~tatc. d.irk-colored eye~. in the hoiiio/ygou'' rece~^lve pink-eye 
color thou,gh not the alhino type 


The Term fnjoutt a- ai,i,hed to coar i oior ha- it- ttrigin in the name of a -raal! South 
.tnie.’-'can aianml 'niiii h i- i oii-piciioii- pAam].'e of thi- type of t oat color. In the agouti tout, 
the imlu iduai hair- arc m.n ked nc.i," t heir up- h\ a h;ind oi lightef-t oh,! ed lugnient. In niaii \ 
ot the -odciit- which h ivc heen -fudic'h the pie-ciice oi tin- band dtuiend- upon the condition- 
ing acta in of a dominant f.ti tor de-igii.iT,‘d b .4 . 1 c the homozt griii— rei c — ive .-tare, the allele 
n I o'idinon- the he k of the b.iml on the hair .\mmai- with the geiior\‘pe an nia>‘ be at.> color 
e\i cpr gr,i\ 

1 1 ill( iwi lui :i cro-- cnmbiniiiir thonc mur pair- <.if geue< in a tcdrahvbrid, 
an F: ecncrarii 111 cDuraitied bi ida-'C- i.if iiiditdduab with numbei> clu.-civ 
appriixiintitiiig the cxpcrti'd ,s| : 27 . 27 . 9 ; 27 : 9 ; 9 : 3 : 27 ; 9 : U : 3 : 9 : 3 ; 3 : 1 phe- 
iKitypie ratiii Fig X2 'fhe large number of animal.-- necessary in cri.mse.-- 
int'iih'iiig rnhybnd- :ind Tetrahybrid- make- experimentation with man\' 
gene- iiiadvi'tiblm In actual prtietice the breeder follows iMeudel’s technitpie 
anil rediice- the niimiier of pair- of factor- used in experiment-. 

rilF. I'Ks n 'lb >S.s. 'File backcro-- or testcros- mav he utilized in 
-tudic- inviib.ing dihybiid-. fnhybnd-. and retrahybrids bv mating Fb 
iiidividiud- to the icrc— ivc -tram. In rhe-e ca.-e- of di-. tri-, or tetrtihybrid-. 
the F ; indi'cidua!' '.t'liiid tic niatcil wuh the double, triple, nr ([iiadruplt* 
reel — 1 ■ ( '-. r he t i-, the -till K: 'v liP h i- honn '/va.i m- i'ece--i ye tor the t wo. three, 
or flilir oei;e p it-, I’e-nei ■f.-.,-e;y 

It a -ntiieienT popiuatiiin i- idotiined. tlieri wdl he intnic pheniitt'pic 
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Segregation and Assortment Genotypes 


P| 

Pi 



ICCRRSS 
2CCRRSS 
I CCRRss 
2CCRrSS 
4CCRrSs 
2CCRrss 

1 CCrr SS 
2CCrr Ss 
I C C rr SS 
2Cc RRSS 
4 CcRRS8 

2Cc RRss 
4CcRrSS 
8 Cc Rr Ss 
4CcRrss 

2CcrrSS 
4 Cc rrSs 

2 Ccrrss 

I cc RRSS 
2cc R R Ss 

1 cc RR ss 
2cc Rr SS 
4cc Rr Ss 

2 cc Rr ss 
I cc rr SS 
2cc rr Ss 

I cc r r s s 


Fig. -'ll. Thk 27 Po-^-ihle Bhii^pE' and the Xumbek hf ( If.nt .TVPE.i ix FPm h 
Bli ) I "i PF. PiL'CLTI.NG Fl;i i.M .SeGKL'. \TIuN' "F GeNE^ TO FIIE GiAMLli.' i)i A TkIH'.HRID 
IN THE 1 IVI-NI \ Pig. 



Values 

Theoretical Obtoined 


P| AABBDDPP 


Fj AaBbDdPp 



P| aabbddpp 



"Sp 

81 ABDP 

94.5 


27 ABDp 

223 

3P 

27 ABdP 

28.2 

'ip 

9 ABdp 

82 

.3P 

27 AbDP 

223 

Np 

9 AbDp 

82 

/3P 

9 AbdP 

6.7 

''Ip 

3 Abdp 

3.3 

/3P 

27 oBDP 

27.5 

^Ip 

9 aBDp 

8.2 

/3P 

9 oBdP 

7.6 

^Ip 

3 oBdp 

3.7 

/3P 

9 abDP 

8.7 

\|p 

3 abOp 

2.6 

/3P 

3 obdP 

2.4 

\3p 

1 abdp 

1.5 


Fig. 'i2. E.xpi.' ih> and i »iw mm u \' m i i ~ rui: XiMiin;' m Ixdividuals ix the 

r. (■! NIMiMI'lX i/r Ti i i; M! ■ i;!:! H < IX Mli L 

Ti'i' 1 ha: III t>-! ;ia.i> v.i-.t- ' ai.y "rM'i- r-i ,h ■: .1-'! , 1 liai-k ' s. hn iwn 

('r.'G.il'iv . B-n; <icii'.ty ri.lor v ,i ig i-.ih.: />-<■'; atiii i!a:k-''uh lu-il ''.s. pink 

but :ii‘t ryc' B-y. The F ; rna-.- :,a'i t.'.n Lic-ne priii?titiirion 

A'l B'''J )‘i[' [I . .'".li'-f Pi"".'.; '. rTf G' irn.n 'npr- .n ppa u p:rr !•: lpep' 3-T iinlicatei 

t!.p :,u:ii'Gpr ‘'l K" ".n;’-;:! M;'.;.' n. i. • :.p :>■ ■; pp.iiaiit uptip- may hp pif-pf-riT. 

Tp' 'r.'.'G. ’.iTtPi' :’i : .ti-' .i* t:.’* g "'.v''- -TaPt* 'u.tna.iT rhp iaPTe^:"':i'hziP 

(h m.i.aut'. Ma.l ■: t;.p ta:;..' aX- ri.p mim:..-; tiiuf^ tiip aPiie? 

may !'p PxpfpTP.I in n:, > pp.ni:..:iar.pn' Tap ni-t ■ 'aiimii .iiJa atp' tia- ti.e- at-tipal 
1.;- p\pp' tpp valip'.' am; t'np ~opr:.-i -hi V' t::p . ■’•■rainp.i m a lanm* F. ppner- 

atam 'r.MxtiPahy Ireatp-i rur compar.p'-r. Data "I uptuai values from Little and 
Philips.^ 
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classes in the backcross or testcross generation of polyhybrids as may be 
expected in the corresponding direct cross. Thus, in a dihybrid testcross 
generation, four phenotypic classes may be expected, in a trihybrid eight, 
and in a tetrahybrid sixteen. Theoretically the individuals will be ecpially 
numerous in each class, and they will occur in a ratio of 1 : 1 : 1 : 1 : 1 : 1, etc. 

Diagrammatic Schemes to Indicate Segregation Assortment and 

Recombination 

Diagrammatic representation of the nuclear-division spindles showing 
.separation of the members rjf one. two, or more pains of homologous chrorno- 

A 0 


I 



Aq Bb 





Fig. -‘l-j. .''LGRLG.ITU IN .\.XD FkEE A.-^?URIMLNr OF (ihNE'. 

Scheme I. the 'e”;re^aT!iin ii! memher' ni a -'lUlie jiuir nf iienes, .l-c, in any 
heterozveou- i iniaih'iu. Twu tvjw' i.f cerin celb aie tii'i'C- ci .ntaiiiiia: .1 and thu'e 
centainiiii: a iii a rati" "1 1.1: in 

Sclienie II the indei ’cndeiit and ^imu'.taiic' cia jeirreiratii ni o! twe jiaiis 'li cene- 
.4-1/ and B-h 'apphiadile tc ;UiV r.m^.tnNm i.eteiozyai'im tor two ii/di' of genes . 
Follnwiliu aenai/itl'Ci IC tine ineniGel- oI the | filomi'-'ilne'- the Ineinhei'i 

of f'ach Pall' or eenr- ,ae -oarenaTei; Ha-eU ill op the a!!;tn_rerneiit- oi the rnernt-or- 
of the two Paiis of i.ijinoloooo- .■hioTuo-oiae- on tho 'piii'i:.- at ti.e lednctiMii .iiM- 
'ifiii .1 iia.' epiUi! c.pim - i tnnifo' to i'e i orr.'p,!c ■: ’".f B re ‘o I'.kowi-e n wiTl B o- h. 

Ilerirw ;our ti-eoretwaih' I'o-'d ;</ a-'o; rn.'-nt' o; .neie- n. iv oi . n; m ri.o 

! .4 /> : 1 .4 h ' 1 o ft ■ 1 r//> d'hc-e -,‘i em.e- are Pa-e,; iir-oT; t.pe :>f eia’.arir ol i hi oiiir -■ eCie- 

at lUeiu'jc Fig. 'J and 14'. 
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Aq X Aa 




AA 

I 

Aq 

1 

QQ 

1 

I 

1 

AA : 

1 

2Aa 

1 

QQ 


Biotypic Monohybrid 
Ratio of 

Gene Recombinations 


A a X A 0 



3 A QQ 



Fk;. . 14 . (ir.NK n.Mm.NAiinN-; Whk. h Rk.-^uli fku.m Mating Fi X F, uk from 

.''I.I.FINo AN F WITH THi; <ir.XOTYPF. "Aa," 

M-hcnif-' ai*' aiiphi-at.lR t'l any 'iruaiii'iu heten .zy>£nU' lor a siimle pair of 

lartol''. 

.Sclicnip I i('pn'~('nT' 'Caii-iration aial rei-oinliination ot a 'iniilp pair ol upnp= to 
foiiu tlip iiionohyliriil Fj Fiotypic latio of ueup ronituuatioii' of '-4A:2Ao': Uin. 

Srtipiup II rp])ip~piit' a iniii-ii aliiiiT-vuitpil iliaarain ot 'Oan'aation ami ipcoiniii- 
natioii of opiiP'. ('oinplptp lioiiiiiiancp oi A ovpi n i- a.^uiiipil. Thm m imhcatpil Fv 
the niiialipi 3 lor pai-li A~, Tlipip '.'.lil be, tlieiefoip, a moiiolivlji'id Fj iprombiiiation 
latio or 3 dorniiKUit aene^ 'IP-I-’ to 1 rpooiiiiiiriatioii -‘in' of the i'lOiiiozvaorm rpcf-."'ivp. 
Till' Mill mi'ult in till- pliPiiotypii- ratio of .t ilounnaiita to ! rpcp~.-ivp. Note that 
tlip'c 'I'liemp' all' ba'Oii iijion tiie beliavior oi the '•hroiiio.-i iiiic,. and their aasociated 
geiip.^ at laeio':^ ami at lertiiization. 
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somes dui’ing meiosis has thus far been used to indicate the cellular mecha- 
nism for the segregation and assortment of genes. But with increasing num- 
bers of alleles in polyhybrids, this method becomes cumbersome. Shorter and 
more direct methods have been devised to illustrate the derivation of gene 




I aa 



I 

I 


lAABB : 2AABb • I AAbb ZAoBB 4AoBb 2Aabb looBB •. 2aoBb iloabb 

The 9 Possible Biotypes Resulting from Recombination of Two Pairs of 

Allelic Genes 

Fig. Indkpkndl.nt Segreg.^tion. Fkke .\s>i.iki.ment, -\.vd Rlmimbi.n.vikj.n' 
or Twii r.uEs OF Allelic Genl.-- Whu h ){i>cli from M.lti.n'g F. F on 

.■'ELFI.VG THE F; WITH ( h..VnTYPr. •■AllHb " 

Tlii> .'chenie is ajiplicable to any oinaiiwiii heterozygous tor two pahs ol gene--. 
Each ])aii' of genes sltows the recombination of rioininants an'i rece— U'c.s as .1- ^ 
2. la — It-. If each gene pair is c\]iani!e(l in thi' way ami each ineiiiber i- comluneii 
with all the iiieiiilieis of the expansion oi the 'ccond pair, it is pos-ible to indicate 
all biotypes. lMuiti]ilicaTion of the teiiii' rc-iilt' in the 9 possible buitype- in the 
latio of lAABB:'2AABb ] AAbb .‘2AiiBB' LiuBh-.'lAnhh AmiBB :'2iiiiDti . lnubh. The 
geiiot\'[)e' and h!ot^■[les max' al-o be touml in the -piiaie- oi the chcckta boa' d .Vh 
leature- ol this -cheiiie ale based ujioii the behavior oi the ciiroiiio-ouic' dining 
iiieiosi- and at leitilization, 

assortments iiivoh-iiig more than two jrairs of genes. The aecompanyiiig 
diagrams illu'trate the segregation and assortment o! one or more gene 
pairs ‘Fig. d.'-i and .74 . d’he interpretation ot these diagrams should always 
include the thougdif that the cidlulai mccliauism inx'oh'cd in so'gregat mu 
and assortment is the nuclear spmdle ol the nieiotn' division', sopiaiating 
the member.' of the 'exeral pail'' of homologous chroinosonio' 1 ig. 12 . 
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Recombination of genes to form the F-i genotypes of monohybrids and 
dihybrids has been indicated by use of the checkerboard or Punnett’s square. 
Beyond the dihybrid, however, calculation of the recombination of genes 
likewise becomes increasingly burdensome. In all monohybrids there is the 
theoretical recombination of genes in the 1 :2: 1 (or 1 + 2 + Ij ratio, that is. 


F Aa Bb X Aa Bb 
Heterozygous 




Fir, ni], IxDEpr.xDEN'T Segp.eg.\tiox, Free Assortment, .vxd Recombix.ctioxs 
OF Two Pairs of .Illelic Gexes Which Result from AIatixg Fi X Fi or 
Selfixt; the Fi with the Genotype ‘■AaBb.” 

.\''Uin!(tion of complete doinmance in each factor pair, A-u .and B-h. is indi- 
cated by the fiauie 3 loi each A and each B. yiultiplication of the terms will indicate 
the lecoaibination' in the F-. Tlie numerical value of tlie Fj phenotyjiic classes will 
be indicated m the proiluct of the multiplicatioiir-. In this case it is 9 double domi- 
nant-. .1-/1: 3 recombinations of dominant A with recos.sive b, A-b: 3 recombinations 
o! iece--ive n with dominant B. n-B: and one dnubie recessu-p, ah This short-cut 
scheme oi < alculatim; a dihybiid phenotypic latio is based upon the beliavior of the 
chi'onu isnme- diirina meio-i- and at fertilization. 


1 homozygous-dominant , 2 heterozygous, and 1 hoinozyguus-reces.sive geno- 
type. This 1:2:1 ratio is ba.sic to the theoretical recombination of genes in the 
genotypes of all dihybrids and polyhybrids. 

The number of genotypes in a dihybrid is repre-ented by (1 4- 2 -|- 1 )- = 
1 : 2 : 1 : 2 ; 4 : 2 . 1 : 2 : 1 : that of a ndhybrid. by 1 1 — 2 ^ 1 ' A and a retrahybrid, 
by 1 1 -r 2 — lb The diagram- in I igurcs 5.5 and 5tj represent schemes for 
illu.-traTing the po.s-ible recombiiiatious of gene- in F_ genotvpe.s. 

\\’hc!i the foregoinii diagrams f,ir showing -egn-iiatioii and a.s.surtment are 
combined with a -y-rein of m.imber- to iudic-ate the pheiiotvpic ekis-e.-. based 
on the ilominant-rece.-'ivc relarioii-hij) of ea' h pair of gene- in the seiiotvpes. 
it provides a short method of obtaining the phenotypic ratio.s, B’ith a single 
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pair of alleles as A-a, the genotypes of the F 2 generation are 1.4.4 :2.4a : laa. 
.\ssuming full domiiianee of .4 over a, the first two classes of the ratio 1.4.4 
and 2.4a determine phenotypic dominance, regardless of whether the geno- 
type is .4.4 or .4a. It is customary to indicate the dominant relationship of .4 
in these genotypes by writing .4—. This designation indicates that .4 is 
dominant regardless of its recombination with another .4 or with a. Thus 



The 8 Possible Assortments of Genes Produced by 0 Trihybrid 

Fig. 57. Ixdepexdext .''eghegatiox a.xd Free .4ssort.\iexi of Three Pairs of 
.4lleli(j Genes. ".A.-a." •'B-b." and 'C-c.'' 

The pairs of gene« are segregated simultaneously at mein«is and actually on the 
same division spindle (Fia. 42'. Chance arranirement' oi the chromosome^ on the 
division spindles assure all jiossible combinatu.ins or genes in the re-iiIting germ 
cells. The s possible assortments of genes into the germ cells may be visualized by 
tracing the gene designations A-ii. B-b. and C-c through the diagiam. The S a.s.soit- 
ment.s are indicated at the bottom. 

with full dominance, the ratio of 1.4.4 :2.1a : laa. occurring on the mono- 
hybrid checkerboard, may be written as .4.1 — : laa 'Fig. .54 i, with 4 indicat- 
ing the three phenotypically dominant (dashes ot the I j generation and 1 the 
reces.sive class. 

I’he same scheme may be expanded to apply to dihybrid, trihybrid, and 
polyhvhrid ratios 1 Fig oS' In Figure.' ol to ob it will he -een that hgiires 
mav be multiplied through and domiiiaiit and rece"i\e rhi'.'C' indn-aieil 
for each a"ortment of gene- I'lii' 'cheiiie i' aetiially jii'I another wav ol 
riling the gene produet o! ,.4 — 1 4-1 = '.• 4 4 1 loi diliybrid, 

’4^1 ' lor a triliybl'id, tiiid *4 — I ’ lor a Tei lahybrid. 

Tran.'latiou of assortment' ot gene' in ac'-orilauce with their gene aeiioiis 
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will show the expected phenotypic ratios. Even in complicated cases invuh-- 
ing more unusual gene actions, which will be coii.'idered later, the pheno- 
typic ratios may be obtained by this sc-heme. 


Cc RrSs 



^3S 

27 

CRS 

^\lss 

9 

CRss 

.3S 

9 

CrrS 

/ 

Iss 

3 

Crrss 

/3S 

9 

cc RS 

/ 

ss 

3 

cc Rss 

/3S 

3 

cerrS 

/ 

\.lss 

1 

cerrss 


Fin. .is. K.. K.vno ix .\ 'I'rihyuhid Cros.- in the < Ivintw Pro when There E Ft ll 
Do.mi.nani. e in E.\(. h Ch.ar.k tlk 

The pimciplc' invulved are the 'Ogiegatioii. a"oi tmeiit, ami icci.iinliinatinns of 
the eeiiP' ami the (•( iiiditioniini ett'ei t i>t each pair ot aene'. .spsivecation n iiidicateil 
by the biace 'Cpaiatina ainl r. t'oiiiplete douiiiiaiice i.jf (' over r iii the F., pioilucC' 
■d (hiiniii.int' to 1 reel — ive a^ imlicatod m the 'cheiae by .'IC- and Ic. Tlie-e principle,- 
apply to each pail oi the aeiie- R-r ami .s'-.- a- well a' to C-( . Multiplication ot the 
teiiii' a- iiidicateil yield- the latio of 'ITCRS 'Rs . '.It 'r.S 'ACrs .9rRS .‘SrR^ iScrS : ] rr.<. 
l’>y attention to the eti'ect ot the aene-. the-e -yiiibol- iiiay bp tian-lated into the 
chaiacTei- ol the F_ acneiatli>li of liuiliea ma-. 


The Essential Feature of Mendelian Hereditj- 

Modem Mendehall heiedlty ba-ed a- It 1-, on the chloiuo-oiiie- and then lie- 
ha\ioi 1- c— eiitlaliv alt exiibiiiatlou of the /,h ...--i, ill -y-teiii Fa-lc to the di-tllbiition 
,ind Tiaii-Ici ot the heii-ditaiy unit- itoia euii- aciieiatioii to aiiothei Secieuation 
a-'oitincnt. ami i ecoinbiiiation of aene- ate tlie -ten- oy which tlic heicditai\' iiiiit- 
/-o/c /,///■. c/s 0, //, oyspe,,,,/ ,n -u.-ree.iina ueiiei a t n ill-. Tlie-p law- ot lieiedltv 


are applmable tii all -exiiaily icpr. .i lin nia ,,icani-ni-, plant and animal, includiim 


man. 


1, Tic-- 

2 . T! c 


Summary of Mendel’s Second Law of Hereditv 


.Ila r. 

itri'i T'l'i r •*, 


’..t- a 

i-olyhvh!;. 


liiMiHi aii'} 'eirn*- 

in lin 'll! ihylii ill- 

* '•iTbiillTaniM Ei-l V 
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and independently segregated when gametes or spores are formed during matura- 
tion. The produi'ts of independent segregation of genes are grouped into all 
possible assortments in the gametes, and the different kinds of gametes thus pro- 
dueed are equally numerous. This constitutes the law or principle of assortment 
of genes. 

3. Just as two kinds of gametes are formed by a monohybrid, there will be four 
possible kinrls of gametes formed in a dihyhriil. Table X shows the number of 
gametes formed in monohybriils, dihybrids, and polyhybrids, 
t. Following self-fertilization of an Fi or mating F, X Fi hybrids, recombinations 
of the genes occur in tlie genotypes ol the Fo generation. There is random union of 
the several kinds of gametes. Each of the several types of eggs has an equal 
chance of being fertilized by any one of the several kinds of speims. If a suffi- 
ciently large number of individuals is involved, there is an opportunity foi all 
possible recombinations of genes to occur in the genotypes of the F-j generation. 
The recombinations may be visualized by the e.\pies.sion-. (r; -j- &)-. (u -j- h)". 
(a -(- h)k etc. Checkerboards and other diaguimmatii- schemes may be used as 
aids ill visualization of the recombination of genes in the F_. genotyjies. 

.’). The nature ol the individuals of the F-j geiieiatioii depend.', fir.-t. upon the segre- 
gation. assortment, and reeoiabiiiatioii of the genes involved and, sei’ond. upon 
the action of the genes finally recombined in the F: individuals. Theie is always 
some soit of (iomiiiaiit-recessive lehitionship between the niemlx'is of a pair of 
genes. This relationship may be one oi complete chimmanie of one member of the 
pail or one in which theie is lack of iloiiiinance ol either inembei' (incomplete 
dumiiiance). 

ti. Among the individuals of the F^ ilihybnd generation, there may be expected some 
which resemble the dniuhiaiit parent, 'onie the recc'.'ive parent, and .some with 
new i-ombinations ot the parental character.--. The F.. iiidivi<luals may be giouped 
into cla.'ses which will show certain numerical latios. depending ujioii the domi- 
nant-recessive relatii.inship of the genes involved. 

7. The genetic constitution of the F.> individuals will determine their breeding be- 
havior. Some F; individuals wliicli are lii.iinozygous tor ceitaiii gene.s will bleed 
tiuc for the characters conditioned by these genes. Most of the F^ individual- will 
be heterozygou.' for the genes, and they will not breed true but will show the 
-egregation cliaracteiistie of hybrids. 

s. Large {lopulations in the Fj generations are even more imjiortant in a study of 
ililiybiid' and polyhybiiils than they aie in moiiohybrids. The greater number of 
gene- involved increases the number of pos.sihle recombinations in the Fj geno- 
tvpes and neces-itates huger jiopiilatioiis if the expected jiheiiotypic latio- aie to 
be iibtained. The Use of the backi lo— oi testcross im-reases the cliaiices oi realizing 
tlie expected jihenotypic ratios with smaller pojmlatioiis. 

Probabilities and Goodness of Fit in Dihybrid Ratios- Application 
of the Chi-square Test 

In till' (lisciissidii nil probaiiilitie- of recniubmation- ill nioiiohybiid tatm- an 
unali igy u ith ti issiug tw i > coin- -iiiuiltaiienu-ly wa~ I'loii. i-ccl. In that cmupai i-oti niie 
noiii I'Piircseiited male gametes, heicls and tall- cnrresjiomling to the dominant ;ind 
lece— ive gene.s ot a pair of allele-. The -ecoiid coin repre-eiited the female gamete-, 
likewu-e carrving dominant and rei-e-six-e gene- ■!). 77 .. 

PRiiBAHILITIE.-; OF RE( 'oMBIXATloX.'^ IX DlflYBRID RATIo.-^ 

Since the prnbabilities ol mbinatinii o: geiie- in niniinn\-! ii id- may be -bnu n by 

ti is-ing twa I ciiin- in diiivbi ii i- they may 1 lieiuni.-ti ate. i u, ;i -iniil.u iiianne!' 1 .y tn: — 
ing ioui coin- The (m^-ible cniiibinatioii- oi hea'i- aini tail- w hen loui cnin- aie to-sed 
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together is shown in the expansion of (h + ty. in which h and t represent the faces 
of each coin and the exponent, 4, indicates the number of coins. Thus, {h + ty 
= Ihhhh + ihhht + + -ihttt + \tttt. Since, in the toss of any one coin, the 

chance of getting a head or a tail is 1 2. in each case, the probabilities of the 
various combinations of h and t of the above equation may be seen in the following 
expansion : 


(1/2 + 1/2)^ = (1 2')’ -r 4(1 2)-^(l 2j + 6(1 2)--(l '2)- + 4(1 2)(1 2)-* + (1/2)^ 
= 1 16 -h 4 16 4- 6 16 + 4 16 + 1 16 

14 6 chances 4 1 

chance chances in in 16 chances in chance 

in 16 16 16 in 16 

In these equations if it is assumed that a head, h. indicates a capital letter or a 
dominant gene and a tail a small letter or a rece.ssive gene, the probabilities of ob- 
taining any given geiiotyjie may be calculated for the Ph dihybrid generation in 
Meiidelian heredity. What is the probability of getting a combination of four heads 
at any one to-s of tlie four coins? Because with a single coin there is an equal chance 
of getting a head oi tail iii any one toss, the chance of getting heads under these 
circumstances may be exjuessed matliematically as 1 2. With four coins tossed 
together, the chances of getting frair heads at one toss are as; 

/-/ = (I 2 1 2 • 1 2 • 1 2) = 1 16 

By analogy in the F... ueneratioii of a diliybritl cross, the jirohability of obtaining an 
individual Immozygou,' dominant for any t\i o pairs of genes as AABB or one homo- 
zygous recessive a- aahh would lie- 

(1 2)- (1 2)- =116 


Such iiiilividuals u oiild he expected in the Fj geneiatioii at the rate of 1 in 16. 

In the above exiiaiision of ih -J- t)\ the third or middle term, CAhtt. shows the 
probability of getting two heads and two tails Hy analogy, the probability of obtain- 
ing gcnotyjies with two dominant geim- recotiiluiied with two rece-sive.s is the 
same. f.t,. 6 (.hances in 16. The possibilities are 1.1.4f;6, 4AiiBh. and lnuBB. With 
large numbers involved in an Fj iiopiilation, the possibilities bei'ome probabilities. 

The probability of getting any othei eonihinatioii oi heads and tails, ns three 
heads and one tail, may be conipiuted. In the secoml term of the above expansion of 
< h ~r- p, *, the combination of )ihht is .show n to ( .cciir 4 times m 16. .'Similarly, there are 4 
i-haiice.' in Iti of getting three tail- and one head, or 1 m 4. This nmhability is 
show n ill th.e fourth or next to tlie last teim of the expaii-ion. 4/'/'(. 

.-\gain hy analogy, tlie jirohability of olitaiiMiu any paltnular recom!,iuatioii of 


gene- ui the F. dihyhrid genotype- may he dotermined from the same mathematical 
principle-. For example, among F. genotype- of ,■ di’nvbrid as sliown on a checker- 
hoard, four contaiiiiiig 3 lioniiiiant genes iccomhimiil with 1 rece,— iw AABh 
AABI. A,iBB. and AuBB- simiiailv. t'f,. an- tour v it! 1 dominant and 3 recessives. 

Tin; Cl FA RE TE'^T For Ci m HiA'f:.-;,-; oF FIT IX THE DIHYBRID 
R.VTIh). A\itii an I j ]*opul.ttion o, onI\ .3.>o indix'iduals, a.- Alendel lound in the 


involving the coh 


leen .ami the forms, lound and wrinkled. 


Ill pi 
oh-C 


-eed-. the v.ih.lity oi a 9 3.3,1 lati. 

ed iiumheis in tlie four l■Ia-st■- dw 


niay well he questioned especially if the 
ite to anv c 'nsirlerahlp extent from the 


exjiected valuc- 


Ti.e niimbel- tl c' c -‘t.c.iilv exne■'t^‘d t' 'T 
.').3t’i may ho ca'.c’iiatoii hy tollo. iim t’m g.-ne 
tion of the expected nURibei- in a 3 1 ratio 


1 lacto in a total pijpulatioii laf 
it met',, Hi -ceggested for the determina- 
pp. 1 I -I ih . In the I ase of the dihyhrid. 



ASSORTMENT OF GENES MENDEL’S SECOND LAM' 


113 


however, where there are sixteen possible genotypes, 3i6, He. He. and ^6 of the total 
Fj population of 556 must be eak-ulated. From these figures and considering full 
dominance, the expected values for the four classes are thus 312.75 yellow round : 
104.25 yellow wrinkled : 104.25 green round : 34.75 green wrinkled. These values 
contrast with the numbers 315:101:108:32 as observed by Mendel. 

Statistical methods for applying the chi-square test to a dihybrid ratio have also 
been developed. The general principle is the same as that for determining chi-square 
in the monohybrid ratio (pp. 77-79), namely, squaring the deviatujns for each 
term of the ratio, dividing each square by the e.xpected number for that term. Thus, 
where .Y is the observed number, m the e.xpected number, and A' — m the deviation, 
for a dihybrid ratio of 9 : 3 : 3 : 1 , the formula for chi-square is: 

, ^ (AY - 7n)- (AY - m)- , (X., - m)- (AY — m)- 

^ m m m in 

Substituting the expected and observed values of iMendel's exjieriment in this 
formula, the ratio becomes: 

, (315 - 312.75)^ , (101 - 104.2.5)2 , (10,8 - 104.2.5)2 , (32 - 34.7.5)2 

" ^275 + iolTS + lOlM + 34.7;5"“ 

= (---5)- , (-3.25)2 (:3.75)2 (-2.75)2 

312.75 ^ 104.25 104.25 34.75 

5.0625 10.5625 14.0625 7.5625 

^ 312.75 104.25 104.25 34.75 

= 0.0162 -b 0.1013 -b 0.1349 -b 0.2176 
= 0.4700 


Thus: 

X' = 0.4700 

What are the implications as to the validity of Meiiilel's 9:3:3: 1 ratio when it 
shows a chi-square of 0.4700? The chi-siiuare tables indicate that this value of chi- 
square IS relatively low. It is far below the critical o-per-cent point of 3.s41 and thus 
indicates that, although the total number of variates w small, the deviations fiom 
the theoretical ratio are not significantly high. The chi-square te.st confirms the 
validity of Mendel's conclusions as to the 9: 3:. 3: 1 ratio. 

Questions and Problems 

The simultaneous inheritance of two pairs of contrasting characteristics, with the 
consideration of the behavior of two pairs of allelic genes. ic involved in dihvbrids 
The general directions for the solution of problems in monohvbnds are abo apiihcable 
to the solution of pioblems in dihybriils ipp. 79-S3Y In aildition, tlic solution of 
problems in dihy’orids reijuires consideration i.f the nniiciplc of the indcqiendent 
segregation of two jiairs of allelic genes during meiosis in tlie F-. geneiation. 

It is important to keep in mind that all of the pairs of homologous hrumosomes 
in a dihybrid will simultaneously sejiaratc during the mciotic divisions duiing the 
maturation process. Each dihybrifi will theoretic.ally produce four kinds of gametes 
each with one ol the lour pi.Ssible assortments of gene- as AB. nB Ah. or nh These 
a-sortments occur in equal numbers in the latio of 1: 1:1:1. Spnei!*. diagrams to 
■ Ihistrate the chrornicsome behavior during meiosi.i should he shown for each di- 
hybrid (pp. 19, 65. s,8 . 
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Menilel computed the possible reconil)inatioii^= of the determiners by algebra. 
ILjwever. a checkerboard of Iti ■squares with the loiii assortments of oeiies written 
acioss the top and repeated on one .side may be used. The two sets of genes written 
into the vertical and horizontal columns will show all possible recombinations (jip. 
d7-9d). When completed, each sijuare ot the checkerboard will represent a geno- 
type of a member of the Fj geneiation. Consideration of the dominant genes present 
will make it possible to calculate the F-j phenotypic latio. 


Data ox Doiuxaxce and Kec ks-ivexe^^ 



Duniinanl 

Rti'i -•-ire 

In rodents 

full coloration. C 

.ilbinii, ( 


lOugh coat, E 

-mooth, / 


scit color, S 

spotted, .5 

In maize icorn) 

red aleurone, R 

white aleurone. r 


purple aleurone. Pi 

red aleurone. p/ 


staichy endospeim ,S'ii 

sugary Piidospern 

In peas 

tall plants, T 

dwait plants, t 


red dowers, IT 

white tiow'ei-. n 


round seeds. R 

wrinkled seeds. /• 


yellow .seeds, }' 

green seeds, p 

In 1 lio'Ophila 

gray hoily, B 

black body, b 


gia\ hody, E 

ebony body, e 


n-d cye.s, Pr 

purple eyes, pr 


led eyes. P 

pink eyes, p 


red 1 ye-. .S 

-epia eyes, 


long wing- 1 ' 

vestigial wings, r 


stiaigliT wings Bi 

bent wings, hf 

In cattle 

TX 

jiolleil horiih ss ■. P 

. _ T . _ TX 

homed p 


Data on Ixt o.mi’lltl ok Pauiial Do.mi.na.no k 


In shorthoin cattle, reel .and white aie incompletely dominant. 

In 'napdlai;on^. broad leave- and iiaiiow leave-, red flowers aial white flowei's 

are incompletely dominant. 

THE DIKCl 'T I. U(‘iss 

F. X lb 

hih In limit nt^ 

1. As-ume that a black rongh-i-oatcil leniale guinea pig CCRR. is mated with a 

wlnte smooth-coated male What will be the genotype and the appearam-e of 

the F- aniiua!-V 1 )etenuine tlie phenotypic ratio ot the Fj geneiation. What are 
the geiit'tic piimapk-s involved? What woiilil he the expectation ior the Fo 
geneiation? 

2. By apijlynig the l.iw of random a— cirtment of genes, ileteimine the kind- of 
gamtUe- which may he exjterteil from the genotype- s},{)\vj| m rhe F, generation 
found ill problom 1. 

hil ihriiR ut Rloriti 
F Si If-jioU ilnlh '! 

3. A-'iime that a c.iin plant. RR SnSn, W'hii h pioduees led -taiehy giain- i,- pol- 

liiiateil wot!, pollen iiom a plant, rr i<ii. which ptoduce- white -ugaiy f-wcet 

glam-. Derc miiii- tlm geiiotvpf- o: the F- pl.int- and the kirah or grams thev inav 
p.' expo. Tt'i to P'a.duif "W ! at KUld- lU giam- W'.ii the F_ jilalit- plodina-'? 

4. A-'iime t! at a i n iihuir, RrR'- which lu.i.hn luu p!f. -weet giaiii- 1- pol- 

llliatcp w.xth po,;cn Ipiiu a coin plant, jir/ir SnSn. which ppaduces red staichy 
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grains. Determine the genotype oi the Fi plant and predict the kinds of grains it 
will produce. 

5. Assume that a tall pea plant, 7’7’Tl'Tr, hearing red flower? i.s pollinated with 
pollen from a dwarf plant, ttwiv. beannu white floweis. By following the general 
directions, determine the genotype of the Fi generation. What will he the pheno- 
typic ratio of the F- generation obtained hy selfing Fi plants? What genetic 
principles are involved? 

h. If a pea ]ilant, YYRR. pioilucing yellow smooth round (-itaichyj seeds, is pol- 
linated with jiollen from a plant, mirr. producing green wiinkled (sugaryi peas, 
what will he the genotype of the F i pilants? What sorts of seeds will the pods ot the 
Fi jilaiit contain? What genetic piTncijiIes are involved in obtaining these lesults'’ 

Dihi/bruls ih Drosophila 

7. As?uiae that a wild-type female Drosojiliila. BBSS, with normal gray body aid 
ied-coloiedi eyes is mated with a niutant-tyjie male, with hlaek-hody color 

and sepia-colored eyes. By following the general diiections. deterinuie the F. 
genotype. Alter niathig Fi X Fi. what clas'es of flies may he e.xpected in the l-h 
generation? 

N. A student mated a wihl-typc female Drosophila. RrRr EE. with normal red- 
colored eyes and normal gray body to a nuitant-ty|'e male fly. prpr ft. w ith ]mi']ilp- 
colored eyes and ebony body. The males and leuiales of the Fi generation were all 
normal wild flies with red eyes and gray body. By niatiug Fi male' to the Fi 
females, an lb generation was olitaincd which con.-isted (.>i Ob wild-ty;ie flies 
with rcil eye? and gray body, .'is flies with jiurple eyes and gray body. .'D flies 
with red eyes ami ebony liody. and 1'2 flies with piu'ple eye.- and ebony body. 
E.xplain the genetical and biological piinciplos basic tc these results. 

9. When a wild-type female Drosophila. I'F.S.s. with normal long wings and m.irmal 
red eyes mated to a mutant-type male fly. c/'.s.s. with (short) vestigial wings and 
(brown I sepia-pyp coloi’. the Fi generation consists ot normal flies, .\ student in 
the laboratory mated the three Fi female' of tin? cio's to an F male aial counted 
223 wild-type flies with iioiinal hiiig wings and led o\'cs. 70 flies with iioiiiial led 
eyes and vestigial wing', 73 flics with normal long wiiig' aiicl s('pia eyes and 24 
flips with vi^'tigial wing' and sejiia eyes Explain tli<‘ g(‘n(-tic~ of thw ci'o" with 
empha'is on the fiee u'sort input ol gene'. 

THE DIHYDRID B.\l‘ Ki Eii's AND Il.'TiROs.s 

F N 11 

tb/O.'V// /t(/Vc/pU),s' 

In most backero"C' or te'ti ro"es. the Fi dihybri'i is mated r.r back-crossed to 
the Ri or to dniilile-iei e"ive 'tork that i'. the stock whn-h 'how^ the two i'pcP" 1 vp 
cl iaractei'', hence tei'iiua 1 the double iece"ive ■ . In each po 4 ilem and in each iiistiiuce. 
it i' (-"cntial tli:it the gamete' oi F be uulicatcd. TliC'C alc obtained a' usual by 
ob'Ci\-ing the piinciplc' of the as'ortmeut of genes. A rc<-ombuiation of the genes m 
F ganietC' « ith those oi the doiii 'le-reccssive P gamete' luini'hes the lia'is ror the 
calciil.ition oj the backiio — . gencuttion. By noting the action oi the geiic' a' to 
dominance and rect^ — ^ivene". the i>ackcio-s oi testci.'-s phenotypic latiii luac' be 
can uiated. 

lb. .\ssume tl at a ilack i ougb-coatei 1 lemale guinea jiig, CCRR. i' mated to a ulilte 
'iiioot '■-l•o.lT^-l i giiuiea pig , rri . It tic F .i'.hvbiai aminal' are back'’io"ed to 
the '[oim.n.uit oaieiit.ii 'toi .s. wiait o-'int' U'cy bt te'l in the backcrci.'s 

geuiMtioii? Il the i'_ fiihybiiii aliinmi' an Oai ki o— cii to the i ece"i\ e-aloino 
'iiiooT! -( o.iteii aii.mal', what tc'iiit' may be e\].ccteil? 
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MENDELIAX PRIXCIPLES 


THE TEST CROSS IX PLAXTS 

11. A Four H Club boy selected as a project some hybridization work with corn. 
He obtained red starchy field corn which he used in a cross with a variety of white 
sweet corn. The seeds from this cross were planted the next j'ear. Several differ- 
ent pollination techniques were tried with the resulting Fi plants. From one 
pollination an ear was produced which yielded four kinds of grains. There were 
98 red starchy grains, 94 white starchy grain.s. 99 red sweet grains, and 96 white 
sugary grains. IVhat type of poUinatioii was jrracticed to obtain these results? 
What genetical principles were involved? 

12. If the hybridization project mentioned in problem 11 should be continued, 
what results could be expected by selfing plants from each of the four classes in 
the Fo baekcross generation? What could be expected if plants from each class 
were again backcro.'sed to the double-recessive plants? 

INCOMPLETE DOMINANCE IN A DIHYBP.ID 

13. Consulting data on pp. 9.5-9(), deteimine the results of crossing red polled 
cows. PPRR. and a white liorned bull. pprr. Wliat will be the genotype and the 
ajipearance of the Fi generation? As.surne that male and female Fi animals 
resulting from tills cross are mated Fi X Fi. What are the expectations for the 
F-j generation? 

14. With incomplete dominance in both pairs of contrasting characters, what is the 
expectation for Fi and Fj when a red-flowered snapdragon with broad leaves. 
RRBR. is ])ollinated with pollen from a white-flowered plant with narrow leaves, 
rrh}p. What is the relationship between the biotypic ratio (ratio of genotypic 
clas.'csi and th(> phenotypic latio in this case? What is the effect of incomplete 
dominance on the number of phenotypic classes? Is there a con esponding change 
in the number ot genotypes with incomplete dominance? 

Pol yh yhrids 

1.5. What do you understand l.iy the terms monohyhrid. dihiihrid. trihyhrid. teirn- 
hyhrid. and jinhihiihridl What are midtifactor hybrids, multihybriiU, and multi- 
ple liybiids? 

16. lAitig the data oii pp. 01-92. demonstrate the re-ults in Fi am! I'.. lollowing 
the mating oi a black lough-coated short-haired guinea ])ig to an idbino sm.ioth- 
cnatcd loiig-haiied guinea pig. What are the results of the segregation and a-sott- 
mcnt ' if geiic' to the gametes of the F i aainuds? What is the I'd; phenotypic ratii i ? 

17. 1 leinon'Trate the u~e of some i-onvenient diagrammatic schemes to show tlie 
le-ult.-- o! the -cgiegation and a"ortment of genp~ to the gametes of dihvhrid= 
and. tiihybi i'ls. 

Is Demonstrate the ime of somo convenient diagrammatic scheme' which may lie 
'ub'titutcd for the algebraii- calculations in .-howing the recnmhination of the 
segrcgatf'i ami as-oited gciic' m dihybrid' ami trihybriil.-^. 

I'.l Di-'moiisf I ;ite how duigramniatic 'chemes may be expanded to 'liow asSuitment 
ot genC' in tctiahybrhl'. hat modiin-atiou m necps'ary to show the recombina- 

tiitid or 

21) Dsirig ti'.c data on p. 11)4, sh,iw the phenotypic ratio resulting in the progeny 
ik tcti.ihyhi.d mii-e bred f F.. 

21. A n it .I’c '• lU.c ra tne rn'-'C mipi'itant reatuie' o: Men'lelitiii hereditc'? Fxplain 

22 ii'it d:*' ■>: T;:*-' ‘‘d luu.kf Mpniiol''. LdW'- t if Heredity 

'in l^>•l '.t ;;v to .k; ».o\’]a-.v < e lilt iii-siii- 
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23. Name some of the results biologically and genetically which follow from the 
reduction division of the meiotic processes. Explain these in some detail. 

24. How many kinds of gametes are produced by a monohybrid, a dihybrid, a 
trihybrid, and a tetrahybrid? 

25. Why are polyhybrirls seldom used in genetical studies? 
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section 3 


Linkage and Crossing Over 


In the early days of the new science of genetics, accumulated eviflence pointed to 
the univei'sal application of Meinlel's second principle, the free or random as-;ortment 
of genes. With corisiderahle astonisliment Itateson in Eiuilarid found iiLstances in 
which the 9;3:3:1 ratio.s were not otdaincd in the F-j generation of dihybrids. From 
these early investigations, confirmed by Morgan in America, it became evident that 
some further principles of inheritance outside the renim of pure Mendrlism were being 
encountered. 

The additional principles of heredity liave to do in part with the concept of the 
linkage of genes a'.'ociated in the same clironiosoiue. the limitation of a linkage group 
to uciies (-allied hy a single pair of lionioloiious cliroiiiusonies. and the assiimption 
that the genes arc arianged in a linear order in the ciiromosome. Though they may 
not ha-ve the universal application accredited to Menders Law of Segregation, they 
have attained the status of principles of heredity. 
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chapter 5 


The Discovery of Linkage and Identification of 
Linkage Groups 


111 1905 Bateson and associate.-^ in England had learned that purple- 
flower I'olur was dominant over red in sweet peas and yielded a 3. 1 ratio in 
the F;. Likewise, loiifi nr ovoid pollen ^trains were fully dominant over round 
in this plant ^^'heu any two of these character.^ were introduced together into 
a cross, the parental characters tended to remain tooether through the fol- 
lowing generations and were getierally found associated in the same F- plants. 
Following hybridization of plants with purple flowers and long pollen, FFLL, 
and plants with red flowers and round pollen, ppll, the Fi plants, PpIA. were 
.self-pollinated. The Fn generation then showed 1,528 FL plants with purple 
fli.)wers and long pollen like the dominant parent and 3S1 pi plants resembling 
the recessive parent with red flowers and round pollen. In addition 10(1 FI 
plants, combining the dominant purple-flower <'oior with the recessive- 
round pollen, and 117 pL plants, with the reverse association of red flowers 
with long pollen, comprised new combinati(.in.s of the original parental char- 
acter.s. This was an F; ratio of ajtjtro.vimately 14; 1:1:3 5 instead of the 
9;3:3;1 normally expected. To have realized the e.xpected iXIendelian ratio 
in this F: dihybrid jjopidatioii of 2.122. there should have been about 
1.194/''L : 39SFf ' 39S/jL ; 132/F, The obser\ ed ratio was a significant deviation 
from this, with the parental type- in exce— and new combinatiirus of the 
parental traits much reduced below expectation- 

From their data, the inve-tigators concluded that the jiarental combina- 
tions of genes FL and pi were about -even times a- numerous a- would be 
expected under conditioii- of free a—urtment po-tulated by Mendel. They 
calculated that the F. jdaiu- mn-t have produced gametes containing the 
genes, F-p and L-l. in four l■ombinatiollS in the ratio of 7FL: \Fl:lpL:7pl. 
ui'tead of the ratio of 1 : 1 : 1 : 1 expei-red in iMendeiiari assortment of gene-, 
llecombinatioii of the gene- to form rhi- In genotypes may be shown on the 
I heckerboard ^ Fig. 59 Tic- gamete- with tlnar numerical frcruieiicie- of 
7FL :IF! : IpL .7 pi may be i)laced in tlie cii-romary hoii/otUai aiid •.ertii al 
row- abo\e and to the left of tin* -qua.rc Xtimencal freiiuencie- of Fj geno- 
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Fn;. .‘lO Rv c,f thp. 

ii.LiNA riDX of !'■ 


Coupled Cenes "P-p" and "L-1” following 
IN A iJiui.c r Cro.'> in the Swllt Pea. 


type> ohraiiitMi Fy multiplying rhu niimhors in each case are recorded in the 
appropriate -f|uare'. sanirnation of 'iniilar ueiiotvpes from the fti.xteen 
'ipiai>‘~ '.vL. iiidi'-ate the phenotypic ratio. In thL ca.>e the theoretical ratio is 
li iFL. l.)/F’: I.)///, plants or about 12;1;1;3.3, a close appro.ximation 

of the observed 14:1:1 :3.5 ratio. 
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Table XII 

Bateson and Pcnnett’s Results in Comparison with Mendelian F.xpectations 


PL. 

'purple f.oLrei^. 
long poll/ n 


PL 

purple lloirei 
■^pherii'id pollin 


pL. 

red flnir(r~. 
long pnlh ft 


pL 

rtd /loirer.^. 
'phi / ii (l! pollen 


Observed number of 
plants 

Approximate ratio 
obtained 

Theoretically expected 
number of plants 

Mendelian-ratio expec- 
tations with free 
assortment 


1,328 lOti 

13 7 ; 1 

1.194 398 

9 ■ 3 


117 381 

1 . 3 41 

398 132 

; : 1 


Bateson’s Explanation — Coupling and Repulsion 

To account for the excess of FL and pi gametes, the investigators as.'Uiueii that, 
in the production of gametes in the Fi plants of this cross, there must ha\'e been an 
unusually close association or '‘coupling'’ of the two dominant genes. F and L, 
determining the development of the purple-flower color and the elongated pollen, 
respectively. The recessive genes, p and 1. weie hkewist- arsociated or coupled. The 
postulated association of genes P with L and p with I the investigatois called ijnindie 
coupling.’^ They thought that in this cros^ there was a tendency for the dominant 
and recessive factors to repulse each other. Thus, the dominant factm F was seldom 
found in the same gamete with the recessive gene /, Similarly, p was seldom found 
in the same gamete with L. This hypothesis was a coK.dlary to the idea ol gametic 
coupling and was called gametic repuhion. Coupling and repulsion were aitually the 
same tendency observed in reverse and giving siindar results. In the hypi'tliesis of 
coupling and reimlsion, it was the particular coinhiiiatic.iu of genes entering the cio.~s 
from each parent, legarJless of the dominant and recessive lelationship of the 
genes involved, that remained ciTupled, 


Chromosomal Relationship of Genes in Linkage 

In the years following 1910, INIorgan and hi' associaTes in America found 
a large iiiimber of heritable mutatioius in the fruit fly, Drn.eophiUi uuldno- 
ijdetir. The numerous changes from the normal or wild type iin'olved many 
characteristics sucli as eye color, body color, and wing 'tructure. There were 
mutations from the normal red-eye I'olor to white, purple, pink, a brown 
called sepia, and to many other colors. Involving body colors were change' 
from the wild-type gray to vellow, black, and ebony .Among mutations dt 
wing structure were .several shortened and subnormal t.vpc'. dc'cribed a' 
'.'cstigial. miniature, and rudimentary wings The muraTion,' anerting bnily 

* A- *'ariy a- in ‘i*i!i.an\ Auikiiiii uitL 'i'*'! '’a I'i'a 

aunplirii: in inhentanra' when h** r-'ifiTCii *c, rknaTj— Kepj** hifiir f’. ■- 'j •' •”* 

i-i'iipliiijr }h' aKti the LfTn-" < "/.'j nr 'a .]f> ■ 
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characteristics in Drosophila were thought to result from a change in a 
specific gene in a chromosome. 

As the studies progressed. Morgan found that certain of these character- 
istics in the fruit fly tended to be inherited together in a manner similar to the 
inheritance of coupled characters in the sweet pea observed by Bateson. To 
explain this behavior, Morgan proposed the hypothesis that characters 
inherited together in this maimer were conditioned by genes located in the 
same chromosome.’' To designate the-?e phenomena in heredity, he proposed 
the term linkage which ha.■^ replaced the older terms couplifig and npulsion. 

The Physical Basis of Linkage — Linkage Groups 

The numlier of chromosome' in any organism is definitely limited, usually 
to a relatively few. while the number of genes is very large. Estimates have 
lieen made that lO.OUO or 13.000. po.-^sibly more, genes exi.st in each complex 
organism. Evidently then, each pair of homologous chromosomes in every 
organism carrie.s a very large number of pairs of genes. The association of 
many pairs of genes in a single pair of chromosomes provides the phy.sical 
basis of linkage. The total numlxu' of gene pairs or alleles in the two members 
of a single pair of homologoii' i.-hromoscime' constitutes a linkage group. 
Any of these gene pairs in a linkage group may show linkage with any or all 
of the other', and sin h gene' an* said to be linked. 


Evidence That Genes are Carried in the Chromosomes 


The Scientific jiiooi that the chiiimn.'Diiie^ actually contain the genes and transfer 
them from generatinu to gr-nci aTaiu ha' lucl ample denioiLstratiun and is generally 
accejited. The lait that the 'peim with little cytoplasm, contributes as much in 
hereihty ii' the laiaci eiui was an e.uly indication that the nucleus was of primary 
importance in ilctcirnining the chaiaitcr of the offsoniig of two parents. E.xperi- 
meiital emhiyologv m which oi.'v oni- gamete fiiin-tioncd when different species 
were hthiiihzcd. two 'poini' cau'“d to lertilizc a single egg. and sperms used to 
activate l•nucll■atl■c. .-gg' aodcil to the accuniulatmg evidence of the impoitaiice of 
the nnclfU' in heieuitv. Where the'C experuncut' wcie successful, the developing 
eiiibr’.'n ii'i-uibh',; the oaii-ntal ‘ype rurni'hing the funcfuiimg nucleus. In cases in 
wnii n only one nucli v.i' h :t to niiiction. that iiucleu.' predominated in control of 
the . level, ipnient. 
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wing modifications. The mutation white eye, for example, passed from a male 
tliKjugli his female offspring and then reappeared m hu second-generation male 
progeny. INIoreoA’er, such sex-linked characters never passed from a male parent 
directly to his male progeny. These characteis alway.s zigzagged or crissciossed 
from a male to a female and then hack to males. Wheii it was realized that these 
mutant traits were following the cour.se of the X chromosome through the generations 
liecause their controlling genes were located in the X chromosome, they came to he 
regarded as se.x-liiiked characters. The facts of crossing over indicate the chromo- 
somes as gene carriers. 

Variations in chromosome numbers in certain organisms aho support the idea 
that genes are carried in the chromosomes. In the derangements and rearrangements 
following accidental and induced chromosomal breaks, relocation of genes in the 
reorganized chromosomes has been demonstiatod both genetically and cytologically 
(p. 366). The giant salivary-gland chromosomes of Drosophila and other flies 
have proved to he u=cful in the identification of gene positions in disrupted chromo- 
somes as well as in normal positions and have offered ■'uli^tantial indications that 
the genes occupy definite loci in linear order in the chromosomes. 

Identification of Linkage Groups 

The problem of determining which chromosome carried a specific gene 
and the linkage group to which a gene belonged confronted earlv inve.sti- 

i\ ir 

XX XY 

Fig. tid, Thk Folk of Chromosome' i.x Drosophila. 

The female, left, has tvo X .■hioiiii'''om('S and thiee pairs of auto'omes The male, 
right, has one X and a Y cl'.roiiio'ome- and thicc pans of uuto'ouies. Tlic .sex cliiomo- 
sornes, XX or XY, aie d.e.sigiuitcd a' I. the two other large j'aiis of the auto'omes, 
as II and III. the small }iair of auto-omi‘~. as IV The genes located in each of these 
pairs of chromosomes constitute a linkage gioup. Thus there are four linkage grouO' 

I, II, III, and IV. (Modified aftei Biidges.; 

gators in genetics, and its .'ohitioii led to breeding techiuipies whii h ideiiTiiied 
the four linkage groups of Dro.'ophila Because he recognized them first, 
Ylorgan called the 'ex l■hromo,sonle'. X and Y, the first pair or chromosome 
pair 1. The genes .'uch as white eye and yellow iiody, carrieil in the X chromo- 
some, were sex-linked and thu' repro'cnred part of the lir't linkage group in 
Drosophila (Fig. 6(1 1 , 

Among the earliest miuatioii.s tc' be discovered in Dro'ophiia were 
blai’k body anri pink eye U' c. .mra-ted with the normal gray hodv and the 
normal red eve For .'ome time thc'e two mutaiii ui' were the oi;', v •• workable " 
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ones detiiiitely known to be normally Mendelian in inheritanee and not sex- 
linked. Morgan and hi.s as.-^ociate.-i had recognized sex linkage and knew that 
the gene producing white eye was carried in the X chromosome. Since 
these other geiie.s did not .show .sex-linked behavior, their chromosomal 
relation.ship was problematical. Did the geiie.s for black body and pink eye 
belong to the same or to different linkage groups? It was known that a cross 
between flies having black bodies and flies having pink eyes produced an Fi 
generation of normal wild-type flies. This occurred becau.se the mutant- 
black-bodied flies of Fi had normal and dominant -red eyes and the mutant- 
pink-eyed flie.-^ of Pi had normal and dominant-gray bodies. The flies 
compo.sing the Fj generation were therefore heterozygous for both of the 
recessive traits, black body and pink eyes, which were not visible in the 
heterozygous Fi generation. 

Mating the-c heterozygous flies in a direct cross or sibcross Fi X Fi 
yielded an F- generation of four phenotypic classe.s. gray body with red 
eyes, black body with red eyes, gray body with pink eyes, and black body 
with pink eye,-, in a I)- 3:8; 1 ratio > Fig 61 1 . This is the expected Mendelian 
dihybrid ratio uiidt'r conditions ot free assortment, and because the gene for 
black body had bt'ini allocated to chromiwome II, the gene for pink eye was 
then considi'red to be in chromo.-ome III. 

In the cour-e of the investigations, flies were found with a structural 
\-ariation -howitig very .-mall -tubby or scalelike wings, called vestigial. 
In order to locate the aeiie for tin.- character, a series of cros.ses was made 
involving the pre\ iou-ly determined mutations, pink eye and black body. 

Ill the crus.- of \ cstigial-wiiig flies X flies having pink eyes which belong 
to the II [-iIiromo.-t.ime aroup. the Fi generation was composed of normal 
wild-type male and lemale flit'-, all having m.irmal long wings and red eyes. 
The Ij generation yieldeil totir clas-es of flies, normal wild type with long 
wing- and red eye-, a new combination of long wings and pink eves, another 
with ve-tigal wina- and it'd eye-, and tinally both recessive-vestigial wings 
and rece--i^■e pink eyi--. in a fl.8:3' 1 ratio. This ratio in the F^ generation 
1 hnnon-t ratei 1 iret- a--f>itmcnt ot the two pairs of genes and confirmed the 
loi'at ion lit the geiie tor 'I'e-t laial v. ing ii i -ornc chri imosome other than chromo- 
-ome 111 where the uene lor pink eye had been located. It was necessarily, 
T htni. in .-1 line i itlu^r iinkaai' aroup that tlal not t-ontain the gene for pink eyes. 

1 IIP 21 1.0 DIII’IBRID RAdIt). In further eft’urts to find the 
ehronio-ome in which the aene for vc-tigial wing was located, a cross was 
maile iiet'.veeu tile- hav'ina mutant-type blaek body with normal long wings. 

, and the- lut'. iin: normai uray body with mutant-type ve.stigial wings, 
/-;/)' ' i til- I'l'o-- proiiiiecd an I , i.it heterozygou- wild-type gray long-winged 
*he-. /)'d Matuitr I mate- aiin I - female- yielded an Fj consisting of onlv 
'hree phenorypie • .a-'t-- in-ttaii of rhe lour cla— e- normally e.xpected in a 
liihybral 1 here wet- ont' 1 _ i m-- ot normal wiltl-t\’pe flie-. having grav bodies 
and I'lne wn.a-, rejne-eetine rei-oriibuianon- ot the dominant traits of both 
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parental types; a second class of gray flies, with vestigial wings, representing 
one parental type; and a third class of black flies, with long wings, like the 
second parental type. There were no recombinations of double-reeessive- 
black flies with vestigial wings as would be expected in a normal iXIendelian 
dihybrid ratio with free assortment of genes. The three classes of F; flies 
appeared in a 2 ; 1 ; 1 ;0 ratio iFig. 02i. This is not atypical Mendelian dihy- 
brid ratio but resembles an F -2 monohybrid ratio of 1;2;1. The occurrence 
of the F; phenotypes in this type of cross in a 1;2;1 ratio, like a iXIendelian 
monohybrid, is an expression of the location of the two pairs of determining 
gene' in the two members of one pair of homologous chromosomes. In this 
cross the homologous members of a pair of chromosomes, carrying genes Bv 
and bV. respecti\'ely. segi-egate normally at meio.sis, and at fertilization 
recoml)ination.s occur in the zygotes as in a monohybrid. 

Since the mutant gene.' h. fur black body, aiul v. for vestigial wings, and 
their normal dominant alleles B and F did nut show free assortment as 
would haw been indicated by a 9;3;3;1 ratio, it was concluded that they 
could nut be in different linkage gruup.s. The gene h. conditioning black body, 
was known to be in chromosome II. From the results of the cross, it was, 
therefore, concluded tliat the gene r, for x’e'tigial wing, must also be carried 
in chromosome 11 with the mutant gene h. 

DETEimiX.VTIoX OF LINKAGE GROLTS BY USE OF TEST 
SI'( )('K8. All elflcient technique for allocating new mutant genes to their 
propel linkage groups in\-ol\-es cro'.sing of the new mutant race with a test 
stock which carries known recessive characters. Other test stocks have 
detinite cytolugical feature'. 

XIAIBERlXt.i CIIIK GlOSt )ME8 .VXD I.IXK.-VGE GROUPS. Since 
the .'OX chroino-omes. [Riir I. were known early, the iiu’estigators ariiitrarily 
de.signated the chiomo'oine pair which cairie' the gene for black body as the 
sei'ond or dii'i um isi >mc 1 1 ami the dn'i miosi uue pair which carries the gene for 
pink eye a' the third or diromo-ome III. in the order of their discovery 
Fig tif) 111 all sub'eijUeni investigation-, mutant characters found to be 
linked with black bi idy haw been located in t he second linkage group and the 
corre.'poudiiig gene- located in the II pair of chromo.-omes. The mutant 
churacti'i ' -howing linkage with pink-eye eolor haw been euiisidered as being 
in the third linkage group and thdr eontrofliug geiie.s iu the III pair of 
dii'omo'ome'. Eventually, a lew nou-ex-linked mutant characters such as 
bent wing and eyele— lound in Dio-oplula, ga\e etldeiiee of free assort- 
ment tvirh charai-ter- from both the -oi-oml linkage group and the third link- 
age group 1 he-c eharaeti-ri-iir- .wre considered to be eijiiditioued bv geiie.s 
lowiled ill the -mall chroino-, iim- IV and thii- to belong to the fourth linkage 
giouji tliily a tew pudi- oi a.iclo- ha'o -o lar beon a — igned to the fourth 
linkage group) iui' ioi;r pair- o' rhi oim i^onii'- and their eoi re-puiiding link- 
age group- were nlonrivod and ■h-ignated I, II, III, and IV in the order of 
their iJoiiTim ation 
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The Ten Linkage Groups of ^^Iaize. Corn or maize with about 400 to 
500 refogiiized genes is genetically one of the best-known plants. While 
Drosophila chromosomes were numbered in the order of the identification of 
the linkage groups. I, II, III. and IV. the ten pairs of chromosomes of corn or 
maize have been numbered on the ba.sis of their size from 1, the longest, to 
10, the shortest. The maize chromosomes have other distinguishing mor- 
phological characteristics besides size which make the microscopic differenti- 
ation of each pair possible. 

Linkage Groups in Various Organisms. Besides those of Drosophila 
and maize, genes belonging to definite linked groups are known in several 
other organisms as in the Jimson weed or Datura, the cultivated tomato, peas, 
the domesticated fowl, certain fi.shes, and in many other plants and animals, 
including man, where the linkage relations of a few genes have been in- 
vestigated. The number of linkage groups equals the number of pairs of 
homologous chromosomes in each organism. 

Relationship of Genes to Chromosomes in Mendelian Free 
Assortment Compared with that Existing in Linkage 

Rc'peatedly it has been emphasized that the physical ba.sis of heredity 
is in the cell ^tructures of organisms, particularly in the genes in the chromo- 
somes. The Mendelian principles of segregation, assortment, and recombina- 
tion of gene< are thu> dependent upon the behavior of the chromosomes at 
the critical .'tages of meiosi^ and fertilization in the life cycles of organisms 
Linkage ns uti > xi'fption to thr fret or rnndon m^.^ortmcnt of genes. Linkage, 
howewr. i' not based upon any exceptional behavior of the chromosomes. 
The phy'ical beha\-ior of the chromosome^ in linkage is in no wise different 
from that eiicijuntered in the random as-ortment of genes but is precisely the 
--am" in Iioth car-c' Sinct' both free a—ortment and linkage of genes are 
dependent upon the relatively constant physical behavior of the chromo- 
,'ome-~ during rneiosi.'. it i.•^ perhap< lietter to cori'ider both free assortment 
and linkage a.- merely two aspect' of the relationship of pairs of genes to the 
member' of the pair' of homologcjus chromosomes (pp 20, 125 1. The dif- 
ference between linkage and free a.ssortment lies in the relationship of the 
gene.' to the chromu'omes Any two pairs of genes lornted in one pair of 
homiiloiions rhrunio-forni s irill hr linked in heredity. If each of the two pairs of 
genes is in a difiriid pair of homologoi/.s chromosome-'!, free a.isortment will 
rc'ult. 

Thi' situation can be made clear in an example of two pairs of homolo- 
gous ehromo'orae' and their a."ociated gone' ' Fig. 1)3;. One pair of homolo- 
giiU' chrorno-i lines may carry the linked alleles A-a. B-h. C-r, [)-d. E-e. and 
F-f. which ciiii'tinue a lirij'iiije group 'F'ig ti3 I . The other pair of synaptic 
mate- may carr,\ the linked gene' (l-g. H-h. I-i. .f-j. K-k. and L-l, which 
cen^uTute a .nn'ijml linknm .jrn'jp Fig. *>3 II . Two pairs of genes, as the 
alleles .1-". from one linkage group and a second pair, as <J-g, from a second 



DISCOVERY OF LIXKLlGE AND IDEXTIFICATIOX OF LINKAGE GROUPS 131 


A 


a 


B 


b 


C 


c 


D 


d 


E 


e 


F 


f 



I a linkage group 



DE 



segregation ond assort- 
ment of two 
pairs of genes 
each poir from o 
different linkage group 




SL four possible assortments of members of two 

pairs of genes when each poir Is associated 
with 0 different poir of homologous chromosomes 


A a 3 g 



two possible results of 
segregation in a linkage 
group when complete 
linkage exists 


3zr 


two possible results of 

segregation in a second 
linkoge group when 
complete linkage exists 


Fig. t’i3 Diagram gf Ci imparativf, Relath in-hip of GenL' to C 'hia'.M'i-omes in 
Free A""Ktment and in LiNK\<.,t;. 



132 


LINKAGE AND CROSSING OVER 


linkage group are thus located in differtnt pairs of homologous chromosomes 
(Fig. 63 III). Following hyliridization involving these two pairs of genes in a 
direct dihybrid cross, when F i is mated to F i. the resulting F ^ ratio of 9 : 3 : 3 ; 1 
or a testci'oss ratio of 1 : 1 ; 1 ; 1 will indicate free assortment of the genes (Fig. 
63 IV). In a similar manner any combination of genes eousistiiig of any pair 
of alleles, either .1-u. B-Ji. C-c. D-d. E-t. or F-r. from the first linkage group 
with asiy one of the pairs of genes, either G-g. H-}i. I-i. .J-j. K-k. or L-l. from 
the second linkage group in a dihybrid will also exhibit free assortment of 
genes. This relationship will hold tine for the genes in any two separate 
linkage groups. 

In a cross involving the gene pairs and B-h. however, linkage will 
be observed, because these two pairs of allele.-, are in the .same pair of chromo- 
somes and thus belong to the same linkage group (Fig. 63 V). ^^ince the 
gene pairs G-g and H-ti are in anotln-r pair ot chromosomes and thus belong 
to a seconil linkage group, they likewise inll be inherited together as linked 
gt nes (Fig. 63 \ In This will be indicated by a marked numerical modifica- 
tion of the 9:3:3; 1 and 1 . 1 ; 1 . 1 ratii.i-. as Bateson and. later. (Morgan found. 
In general, then, any combinaiioii of gi.inx j rvni the same linkage group, such 
as .l-a. B-b. C-c. D-d. E-i. and F-j. will exhil.iit linLnge. Likewise, aiiv single 
gene pair of the group G-g. II -h. I-i. .J-j. K-L. and L-l will exhil.iit a linluigt 
relationship in heredity with any other pair of alleles in this linkage group. 
A similar relationship will prevail among the genes within any other single 
linkage group. 

Summary of Relationship of Genes to Chromosomes in (Heredity 

W hen gene paii' n<iiL;atioii are lit ilift'erent chromD^Dine pairs and there- 

fore in dil'leient linkage groups they will -how fiee as'oitmeiit. All gene paiis of one 
hnk.ige grrmp show iice a-sr.rtic.eiit when iiivcilvcd m a cross with gene pairs c.r anv 
other linkage giuiin. In howevci . the gcHe pair- involved in a i-ro's are located in the 
same pan oi cht'oino-oinc- ,uid thu~ in the same linkage gtoiip, these genes will 
show linkage in heredity 

(.La'stioiis. Piohleiiis. ami Itcleicute' at the end of the .Section 'p. 170. 
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Use of the Testcross in Linkage Studies 

In the study of the Mendeliaii prineipies of :-egregation ami free assort- 
ment of genes, the normal Mendelian ratio.s have generally been obtained 
by means of the sibero.ss or direct cros.s through mating Fi X Fi or by self- 
pollinating the Fi in the case of self-fertili/ed plants. Although linkage of 
characters was disco\-ered in direct crosses in which the Fi plants of sweet 
peas were self-pollinated, or mated Fi X Fi. these erosxs tend to ob,scure 
linkage relations (,pp, 122, 1.58), Especially large luiinbers are sometimes 
necessary in order to determine the linkage relations if the direct crijss is 
used. The backcross or testcross technique has been iwed extensively in 
linkage studies, beeau.se results may be obtained from smaller mimbcr.s than 
with the direct cro.ss. 

As mentioned under the discussion of .Mendelian principles, the testcross 
con.sists of mating the F i progeny to a stock rece-'ive for all of the characters 
under investigation. Since, in linkage stmlio', at least two pairs of characters 
are considered in one cross, the recessive srock mint he homozygous recessive 
for both of them. .stock or an organi-m homozygous rece.'sive for two pairs 
of characteristics is frequently referred to as “doulile rece^'ive." Thus, in a 
Drosophila cross involving the mutant character black body linked with 
vestigial wings, htirr. and the normal allelic chararters gray body linkeil with 
long wings, BBVW heterozygous Fi males and females, with the genotype 
Bh] r. would be mated to doul>le-rece'si\-e. a/e-e. fenuile' or males as the case 
may bp. Stocks of individuals homozygous reec'sive for three or four pairs of 
allelic genes are called triph or qinulrn pit rect'ssive. respoetiwdy. When the 
testcross technique F used in linkage investigation', the resulting testcross 
progeny i.s generally classified on a percentage basis. 

Complete and Incomplete Linkage 

Earlv investigations by Morgan and his a-'oeiatps revealed that iii 
Drosophila there were both p> n^rt or complete linkage and purt^il or in- 
complete linkage. Inhei’itanco of linked charaiT..js may br illustrated l>y 

i;;.; 
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crosses of fruit flies involving certain mutations. An ordinary vild-type 
Drosophila with normal gray body, BB. and normal long-type wings, DD, 
crossed with a fly having the mutant -black body, 55, and the mutant type of 
stubby wings known as vestigial, vv. produced a heterozygous F i generation, 
BhVv. all of the wild type with gray bodies and long wings. 

COiNIPLETE LINKAGE. ^Yhen two iMendelian characters consist- 
ently appear together through two or more generations with no deviation 
from this behavior, they may be regarded as showing complete linkage. 
Complete linkage is rare. It is a phenomenon depending upon the nature of 
an organism and not upon the selection of any particular pair of characters. 
Complete linkage has been found in males of Drosophila melanogaster and 
in the member^ of a few other species of insects. 

Ill th(' above cross in Drosophila, Fi males, BbVv. were mated with 
duuble-rei'essi\'e females, hhrr (Fig. bli. This testcro.s.s progeny consisted of 
onhj tiro clu-n.'ir.-i, flies with gray bodies and long wings. BbVr. and flies with 
black bodies and vestigial wings, hbrr. Each of the two classes was pheno- 
typically like one of the original parental types. Further, the individuals in 
the two classes were iqually numerous. Complete linkage of the characters 
was evident. To explain the results, it was assumed that the Fi male fly 
produced two equnlbj numerous types of sperms, each carrying a different 
combination of genes. (!)nc type must have had B and V both located in one 
member of chromosome pair II. The second kind carried 5 and v located in 
the othi'i' member of chromosome pair II. Union of the two types of sperms. 
BV and Iw. \vith egg>. hr. from the double-recessive female produced geno- 
types BhVr and hbrr. .Vetion of the gene combinations yielded te.st cross 
progeny in the phenotypic ratio of approximately .50 gray-bodied long- 
winged tlie.s'.'iO black-bodied vestigial-winged flies or a ratio of 1:1. Pheno- 
typically. tln' two clas'cs weo' like the tu-o parental romhinntion.s of rhnreicters 
that entered the cro-s: there were no new combinations of traits, and linkage 
of chareieti.rr (/'cv eomphtf. 

In other ca'C' flies with gray bodies and vestigial wings. BBrv. were 
cros'cd with fliC' Inn ing black bodies and long wing*. hbVW When Fj males, 
BhVr, from rhi' cro" were .'ubjected to the testcro's by mating them to the 
doublc-rece-— ive females, hhv)-, again the testcro^s progpnv consisted of tiro 
approximately npuil i /a.s.v, .v. one. gray body with vestigial wing', Bhn\ and 
the other, black body with long wing', hhl'r .-since the two characters enter- 
ing t tie cl'i 1" t roni f n eh of the tiro pa r* aftil t j jh a ppeei rt d toa* (hi r again in the 
two clas'C' oi the tC'tcro'S progeny, hakagi m these cti'cs ira.s once more 
dt uani strati d fo Or eanrpbft 

Kxplanatioi) of the caU'e of complete linkage lies in the undisturbed 
alignment oi tIc- gene-' in the chromosome'. When complete linkage occurs, 
the gcnc' iini't n-tn.'iin uiiiii'Turbed in their oiiginal jto'ition' in the i-hromo- 
'Otut-' throughout all the ju-occ'W' involved in gamete formation in the 
hetenc/vgous U Ihi' 'ituation actu.dlv pertains in till male I )i'osophiltt. In 
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the above cross the alignment of genes in the chromosomes of the Fi male, 
BbYv, remained intact throughout the processes leading to the production of 
sperms. The homologous members of chromosome pair II remained intact 
during their passage from the Pi generation through the male flies of Fi 
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Fig. t>4. Diagram of Complf.tf. Lin’kagf in DrO'' thila. 

and into the testcros-s progeny. The gemv and hr in the first cro and Br 
and 6 1 * ill the second t>itt rtil tht tO'ji th> r niiil ri mn i in ‘I n inn rt n rri </ uriinj 
the mntnnifiun p/nct.s.st.s of the Fi male Drosophila. In eaeh cu'e the ehromo- 
soine hearing its genes in the original alignment iva^ passed into a iliherent 
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sperm. Union of the two sperm type.s produced by the Fi male of each test- 
cross with the bv egg.s of the female resulted in the development of two equal 
classes of testcross progeny. 

ScwniARY OF Complete Linkage. Complete linkage, in which two or 
more characteristics are inherited together, i.s rare. It occurs in the male 
Drosophila and certain other imsects where there is no break in the align- 
ment of genes in the chromosomes. Heterozygous male Dro.sophila produce 
two kinds of sperms in a 50: 50 ratio, and the testcross yields two phenotypic 
classes in the same proportion. 

INCOMPLETE LINKAGE. Complete or perfect linkage occurs 
regularly in male Drosophila, but in female Drosophila and in most other 
animals and perhaps all plants, linkage of traits is generally incomplete, 
Bateson and associates, in the early study of the linked characters flower 
color and pollen shape, found that coupling, as they called it, was not quite 
complete in siveet peas. In cros.ses involving the flower colors purple and red 
with the pollen shapes long and round, some few of the F-: individuals showed 
new combinations of the parental characteristics (pp. 122, LIS). 

As a part of the early studie.^ of inheritance in Drosophila, the Fi female 
flies from the cross gray long, BBVV. X black vestigial, bhvv. were also tested 
for linkage relations by mating them t(j dotdile-reces'^ive males, hbev (Fig, 
65). The re.sulting te.-tcross progetiy was found to consist of fonr phenotypic 
cla.'ses insttud of oulu two as when Fi males were testcrossed. Two of the 
classes each containetl rather large numbers of individuals, while the other 
twii (lasses were g(,‘ncrally .smaller. In one of the large classes, the flies had 
gray bodies with lung wing<, and in the other large class the files had black 
bodies with vestigial wing^. likt the two panuts entering the original cross 
The two smaller cla.-ses were made up of inditlduals showing ntir combinn- 
tious of the parental diaractcrs, the ilie.s in one (,if the small classes having 
gray bodie.' with vestigial wiiig,- and th(jse in th(.- .second small cla^s ha\'iug 
black Itodies with Iona wings 

Results of varying the parental combination of characters were also 
studietl by mating Hies with gray bodie- and ve.sti,gial wings, BBec. to those 
with black bodies and long wing-, ahUU The heterozygous Fi females, 
BbVv. from this cross Hkewi-e yielded /bar cla.sses of testcross progeny when 
mated to the homozygou.— double-rece— ive male-, hbre. As before, there were 
two large and two -mall cla—C' in the te-tcro-s progeny line of the large 
classes wa- made up of ihe~ having gray bodie- with vestigial wings, Bhev 
The second largt' cla-- contaiia'd Hie- having blai-k bodies with long wing-. 
bb^'r, the identical combination- of trait- typical of the parental types enter- 
ing the cro-- The t'.vo -mailer cla-'e- were again made up of flies showing 
new combinations ni parental diaracter-. In one small cla-s the combination 
was gray body with long wings />r, I while the other -mall cla-s contained 
flies hae'ing blacK b.iilie- with ve-tigial wing- ei., . , Experiments of Morgan 
and his associate- yielded data from a Total ot 23,731 testcros.s-generation 









COMPLETE AND INCOMPLETE LINK_CGE 


139 


flies showing linkage relations of the mutant characters, black-body color and 
vestigial wings, with their normal dominant allele.s, gray body and long wings. 
Of the total of 23,731 backcros.s or testcross progeny, 20,17)3 or S4.922 per 
cent could be divided into two equal classes, each showing one or the other of 
the parental combinations of characters. In addition to the two large classes 
representing the exact parental tj’pes, there ivere 3, .578 flies or 1.5.07S per cent 
of the total showing new combinations of the parental characteristics. In 
each case the new combinations were also divided into two rlasse.s of flies 
approximately equal numerically. 

Statistical analysis of the testcro.ss progenies resulting fo.im mating the 
Fi females to double-recessive males in each of the two crosses showed tin' 
following results: 

Gray body long wings, BBW, X black body vestigial wings, hhrv 

41 G gray body long wings. BhVv 
9G: gray body vestigial wings, Bhvr 
9G black body long wings, bhVr 
4G',i black body vestigial wings, bbrr 

Gray body \'estigial wings. BBce, X black boily lung wings, hhW 

41 G gray body t'estigial wings. Bhrr 
9'~c gfaybody long wings, BbVv 
black body X'estigial wing', hbrr 
41G black body lung wings. bbVV 

Causes of Incomplete Linkage Crossing over and 
Crossover Gametes 

.\s an explanation of the occurreni-e ot new combinations of genes in the 
gametes of the Fi female', from the preceding ami other similar cros'e'. 
.Morgan suggc'tcd the po."ibility of an oeeasumal tj'i'honiji oj trnn.si'i rsi 
stijiiiints of approximate! V e<iual sv/.o jrom ont hrunoloque to anoflur in pairs 
of 'yiiaptic mates. This exchange of chmmo'orne parts, ir was thought, 
occurred sometime during the reproductive procc'ses leading to gamete 
formation. In the exchange of chromosome 'egments, the contained genc' 
would be carried to new po'itioiis in the reorgani/.ial chromo'Omcs and pro- 
\ ide ihe physical ba'is fur the new gene combinations in some of the gamete' 
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from one chromosome to its homologue, the process was called crossing over, 
and the gametes with the new combinations of genes came to be called cross- 
over gameks. 

For a period after the discovery of linkage and crossing over, the explana- 
tion of the causes and the theories about the physical basis underlying this 
behavior rested entirely upon the genetical data obtained from crosses. The 
assumption of the exchange of pieces of homologous chromosomes was sup- 
ported only by the analysis of the flies. It e.xplained the experimental data so 
well, however, that crossing over soon became a working hypothe.sis in 
genetics. 

.-Vlthough the theories of linkage and crossing over still rest largely on 
genetic data from crosses, cytological techniciues have clearly demonstrated 
that an exchange of segments between homologous chromosomes occurs 
regularly in the meiotic propha.se of most reproductit'c cells. Under magnifi- 
cation, evidence of this crossing u\'er is seen in the presence of crossed 
thread' called chiasmata. It is believed that each chiasma is formed by an 
exchange of pieces between non.'ister chromatids. 

The Physical Basis of Crossing Over 

It may be recalled that, in the early stages of meiosis, the two members 
of each pair (jf homologous chromosomes in the mtdocytes come together or 
pair in sviutp'i', forming the bivalent chromosome, and that each member 
of the pair is ^plit lengthwi.'O into two parts or chromatids ipp, 19. 89). 
The two chromatids from each chromosome are calleil sistn' chromatids (jr 
idt iitivul chi'omatii.ls. The two pairs of si'ter chromatid.', that is, four chroma- 
tids ill all, are intimately a'Sociared together during the early stages of the 
first meiotic division, forming the chromoxouu' t> trail or. more properly, the 
rhru'iiiilui fi frail iFig fid'. This early 'tage has hf*en called rhe fuar-Mraml 
stniji because of the four threadlike chromatid'.'' It i.' believed that the 
exchange ni pieces of chromatid', or cro'.'ing o\’pr, normally orcurs soon 
afttu’ thi' 'plit stage ha' been reaidii-d 

The lungU' Xi ura-ipora has been tned in 'tudies of iidierirance which 
ha\e l uiihrmed the hypothesis that cro"ing over occur' at the four-strand 
stage. Di I aro-i jiora with it' Typical prodmaion of eight asco'pores in each 
a'cu ' 'a a ' u 'cd in di 'ci )\'eruig that ii'ual ly only the h C't t \co di t'l.'ioii ' Ifcidiug 
to the pioductiun of lour ineni'piire.' are reductional or meintic, while the 
third, leiiiliiig tn the proiluction of eight ascospures in the a.'cu.', i- geuerullv 
e<|Uatiohal or mitoTic. I ht' characreri'ti'‘s oi the haploid mveelia developed 

* a. rtarn p'.c.iC' ii.-.ivj.i. i.il' have mi'.’-* t; .-in tv.-n set.' uf dm I’liO'i ime.s. 

pairn.ii: 'T .'Siian-n ,>■ i!,..*-. ' ina\ i.irur W't.fii Uu-st- 

'•pid I' r.ii' ' T >-■ F”!’'* - ar. ‘I'M : • l~ V' I . i J »rna I i iiiai 't-ri:! '"j 

uo'iM 1* •'’’’'■l'. aup;.' 11' ' r*'r ‘hw r* a-ori uUii . ai'ii i-iiT! inid-soi-it 

1 . TiC. c'-. T'S-: 'r,*: Vvn , i,r..n.ar',i- r t.a- ry.t term k, >■ 

.r- lUdf' TL';.'..' a’ui' 
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from individual ascospores indicate the division at which segregation must 
have occurred. An ingenious analysis of the linkage data obtained for 
several characters has been accepted as demonstrating that the crossovers 
occur in the four-strand stage. 

SUMMARY OF INCOMPLETE LINKAGE. Because of the occa- 
sional breaking and exchange of pieces between the meml)prs of a chromo- 
some tetrad, four kinds of gametes are formed in most organisms hetero- 
zygous for two pairs of alleles, as the heterozygous Fi female Dro.sophila. 
The new alignments cif genes in the crossover (•hromosome> lead to the 
different kinds of gametes which are not iqnally numerous, a.s follows; 

1. dliose with a chromatid from the male parent, which would be intact 
with the orujmal paro/ital aJignmi nl of ijenes 

2. Tho.'C with a chromatid from the female parent, which would be 
intact with the originul alignment of parmtnl gnus 

3. Those with one of the broken and reorganized chromaticL containing 
a nexe alignment of genes 

4. Those with the second broken and reorganized chromatid also con- 
taining a neic alignment of genes. 

Y hen these four types of gametes are fertilized by gametes bearing- 
recessive genes, two of them will form xnix- combinati"ns of characters. 'I'lie 
new combinations will express them.seh’es in the jthenotypic ratio of the 
testcross progeny, wliich may vary with the xUstanex ■•stparating the gents and 
the amount of crossing o\-er. 

Comparison of Complete and Incomplete Linkage 

The occurrence of four chissts in the testcross progenij of heterozygous Fi 
females contrasts with the testcross pr(.igeny of heterozygous Fi male' in any 
Combination of linked character.' In the tO'tcro'' proi>cny of hetcro/yaoU' 
F; males, there were only ta-o c/o.'-.'-f .s ejf onsprini] 'fht' matena! caU'C of thi' 
difference in the te'tcross progeny of F; male' and ternalcs i' in the cro"ing 
o\cr between humuloguU' chromo'omes of female 1 Iro'oplnia The e\i-ha!ige 
of pieces of homologous chromO'omes hards to new aligiimeut' of gcnc' in the 
chromosomes and e\-eutually to 'ome netv combination' of gesio' m the 
.gametes of heterozygoU' Fi females. Thu'. heterozygou' ff //le/f flies prtnhir, 
Jour of gu'Uttts not tipnilli n a m< rous. 

During meio'i' in the male Dro'ophila. however. l•ro"iIlg o\ er lioe' not 
oci-ui-, aiij eon'C<|Ueiitly the alignmetit of gene= in the ehromo'ome' u not 
ili'iurbed. For thi' rca'on th" male 1 tro'opliila produce' only tu-,, 
iiuinerous tipis of iiam'ti-' U' contra'terl with the four u!ie.]u;ii:y '-liiniToUs 
|'Ia"e' produ'-ed by the feniaie Hie' Recombinatio', oi giu.o' at it-ri nniaVon 
IC'Ult' ill the jU-oducUoii of genotype' yielding the plie.nol vp;i' ra-iu' o; the 
tc'lci'o" progeH\- in eaeh case 
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Coincidence and Interference 

tYithin a lar^e segment of a pair of chromosomes, crossovers may occur not onl;/ 
singlg but repeatedly. Two single crossovers occurring in a general region constitute 
a double crossover. There may he triple, iiuadru])le, or greater numbers of crossovers 
111 long segments. Multiple crossing over affects the kinds ami numbers of gametes 
produced and leads to deviations in linkage ratios exjiected from a dihybrid cross. 
Although each crossover is a single event, successive crossovers are not ab.iohittly 
independent. The occurrence of one crossover in a region influences the possibility 
of another one nearby. 

COIXCTDEXCE. When two things happen at the same time or in the same 
place, they coincide and the occurrence may he considered a cnincinrnee . The applica- 
tion of this idea to biological material may be illustrated t.y data from one of the 
Mendelian dihyhrids. In the guinea-pig cricsS involving the independent cliaracteris- 
tics colored-albiiKj and rough-smooth coat, the F_ generation contained, among 
iither phenotypes. 2.5 per cent albinos and 25 per i ent smooth-viated animals 
ip. y2p The occurrence oi albinos that were also smooth-coated repres“nts the 
renncidenif of these traits. The expected coincidence of these two traits may be 
calculateil for the F._. generation. It 25 per cent of the F-: population is alliiuo and 
25 pel cent i' .--niootli-coatod, thi? expectdl percentage of albinos that arc also smooth- 
coated animals 25 per cent of 25 per cent or ff* t per cent of the total F; iiopulation. 
This is ealculated .25 X .25 = .()i;25. Tlie che.Eerbiiaril of this dihybrid show- 
a theoretical population of IE (Fig. 45i. Calculation of the peiceiitage of e.xpected 
smooth-coated albinos. 10 X .0025 = 1. indicates that one of the 10 IT indivuluals is 
expected to he liotli alhino ami smooth-coated. With sufficient numheis this pi'opoi- 
tion may be obtained in the Fj geiier.itioti. The teim coincidence as used in linkage 
studies I'tier.^ to the orrurn mn of tirn or more distinct eiu — oveis at about the same 
time 111 'Ui'i'cssu ely in the '.iiiie geiieiai region of a pall of i.liri iiiii.isomes. These 
eoiistitute a double cro'Sover or multiple crossm-ors and tlie cro— -oviis are said to 
coincide. From accunuilated data th(' exjiected jiereentage of iloiible or multijile 
cros'oveis in a region of a l■ll!■llmo■•ome may be caleulateil. 

In cht omo'i line 11 of I); o- ipliil.i, the genes B-b hu gray-i>lai'k Imily are located 
at 4s. 5, P-jj to! led-iiiujile eyes are ;it 54.4 and V-r for a iiig-vestigud wing occupy 
loci at t'd, Tlie iibservc'i cri.'-ing over is ti per n nt hetaeeii the loci oi />'-/, and F-p 
and alijiloximately 12 pc i ent lietween those oi P-p and F-f' fj). loOi. The 

o! a -legle cio"i.\ei between B-h and f'-p with aliotliei 'iiigie one lie- 

tweeii P-p and E-' ci >n--tnute~ a di ad 'le c n--i iver. The expoi ted iieiventage i >! i loiiiili 
cro"ing over in the region between 4^ .'i .uai t'd in chiom. isi.me II in.iv be naighh 
calciilaterl as I'l pel cent ',i 12 tier cenr ti.at .12 '' .bit = .01172 or about n nf 1 
per cent. The -a Inc lu ini'Pple may be useil in cah ulating the ajaa oximate iieo entage 
for any legion of a rhlona.'oine wheie -lligie |■■■, ,,.,,,Ver \aiue' ale KUioWn, The ob- 
-eiwed .iiiiount oi iiouile i ri>"'iTig ovei is tieijUeiitljV comalerably le^- than tbat 
expected. Call 111, ita III' o: exi.erted jieii-ej.t.ag--' of diUlble rii—iiig ovei ale mole 
reha.ble i iver long 4 't'Ua'e^ th.iii r. a 'la e. t 'eg n lent' "t i lit oiiio'i iim The i n eiii i em e 
I a’ one riiis'iA'er at any pniiit in a r hiniiai'ome teuil' to iealurc the niobabhirx' uf a 
'eeoiai one 111 the immedi.ite vicinity. 

IXTEliI EKE\( L. Tile le"ei.eil in<e!:h"i.d of lurthei cros'ing over rlo'i- to a 
orevioii' break 's eaiiisl interference. T' e teim meaii' fcO rf. o cci unth do > .nm tiji 
■ I'-'o-i't oi iliiii'ole '•ii."ing iivei. The ’a.V'ical Oa'i' of mteio-i,-!,, foumi in tiie 
oel , ;i ' a i; ol t a I ■ i ' I o le i ,'l .1 j.e' o. Tut a ' 1 C 'e\ t 1 a i T ' il'- i! II ' Ig Tie 1 1.1 ''I iC 11 'TO i i* 

'io"ngie,., ri ;.t pii O, -,.,1 !.y t! I F.’t''- ■ yt. .i, g ' 1 1 la 1 h 1 1 g t o 1 i 'a 1 1 ■' t i r ” 
II U' I .'I'. (,e ' "riio! a, •' - . a r. ' , ig., I e e...k.ige and union oi Oi oken i-i ii ■' i g e - gi' 'ti ' 
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fliromatids in one erossover px|)lain^ in ])art the interference with further crossintc 
over neartiy. Breakage and union of the chruinutids incident to one crossover may tend 
to nlitrt torsions in that region and to ridnct tlie chances of anotlier break. Longi- 
tudinal cohesion of the chromosomes may he an additional force tending to interfere 
with crossing over by distributing the stresses along the length of the chromosome 
tetrad As the distance from the fir<t break in the chromosome increases, the intir- 
ftrenct Jf creases, until finally, at about 30 to tO unit' distance, the influence is entirely 
lost and a second break may occur freely. This is especially likely in long chiomo- 
somes. Many vaiiables are involved in the number of crossovers aiiil chia«mata in 
any pair of chromosomes, but usually the number langes trom one to thiee or four. 
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Chromosomal Relations of Genes in Linkage 


Linkage Relations of Various Mutant Characters in Drosophila 

Morgan and his associates studied linkage relations of several mutant 
characters of Drosophila. In addition to black body and vestigial wing, 
the linkage relations of a third character, purple eye, also belonging to 
group II were considered. Conclusions as to linkage relations of these three 
pair.' of characters were based upon observation of more than 90,000 Fjand 
te't cross flies. These numerous data emphasize that conclusions as to 
linkage relations are based upon large numbers. According to data from 
Bridge' and Morgan, more than .lO.OOO te^tcros' flies were produced from 
hundred^ of cro-t'e.' involving all combinations of the mutant characters 

Tahlt XIII 

In-i'o.mi'cei'K I.ivko'.e in Drii'iii'hii.x — 1’he (Ien’f.r \tion' For.i.owivG Te'tcro^'E' 


Fnirnffi: 1 t I o P ' II ^ ^ ' 


LiiiPd Xurwa! 

i.nikni yi itnh‘ 

Pd/mdti 

.\ t 1 ( ' 

Total 

Gnu^raiion 

LUd'il 

( 'hn ■ ffd ■ ' 

( 'hdnli /<• /*'• 

( nff'iifintiftn iij 

< 'hu'artf /'.<■ 

nf ( hn, m !>■ 

C-tITIV hntlv .iinl 

Hla-'k boiiy ami 

IS.'ta 1 or '.1 1 17.') ' , 

H l)2b or 5 S2 d ' 

51 .037 


purple eye 




Itr.i I’Vi- aa'l 

riirplc oy 

la.bUl or ,s;> !21 '7 

1 HOO (,r 10 .370 y 

13 210 

|( Hi!Z Wiiitz;'' 

V* "tmial .MriiT" 




' iiav l-tuh ainl 

Black Ici.ly ami 

20 1.V5 or .St 022 ' ,, 

n..37.s or 13 U7S ' 

2 : 1 . 7:11 

lorn: ihZ" 






ohick bodv and purjik' eye with the mirmal wild-type uray the' hacnng red 
• ■ve' Tai’ic Xlll 'hnv.' the geiK-ratii iji fi lili )'.viug te-tci'i i"e' tvirh the number 
.)i’ tlit" and peirentage' with the origiiial and new cumbiiiatiuns of the 
parental characters. 
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To have obtained these linkage relations in the testcross generation, 
the heterozygous Fi females, resulting from the cross of wild-type gray body 
and red eyes, BBPP, X black body and purple eyes, hbpp, must have pro- 
duced four kinds of gametes in the same proportions as were found in the 
classes of the testcross progeny. Table XIV shows the ratios of the four kinds 

Table XIV 

Linkage Ratios in Drosophila — The Generation Following the Testcross 


Parental Types 

; Testcross Progenies 

Crosses Involving Linkage 
Relations Between 


Normal 

Mutant 

l-'-l Parental 
Comhination 

l.'i New 
■ Combination 

2nii New 
Comhination 

Qnd Parental 
Combination 

Gray body 
and red 
eyes 

1 . 

Black body i 

[ and purple 
' eyes 

47^0 

3 *^0 


47 4 

Red eyes 
and long 
wings 

Purple eyes 
and vestigial 
wing.s 

44 <c 

Cfc 

64 

44 4 

Gray body 
and long 
wings 

Black body 
and vestigial 
wings 

41‘f 

94 

94 

414 

Mendehan expectations under 

25 *; c 

25 4 

•25', 

25 ", c 


conditions ol free assort- 
ment 


of flies ill the testcros.s progeny corresponding to the four kinds of gametes. 
These four clas.ses of Fi gamete.' uniting with the gametC' carrying the 
genes bv, from the double-reces.sive type, were therefore able to jirodure the 
testcross progeny as indicated. In reciprocal crosses the same percentage' of 
parental and new combinations occurred. As for example, the Fi temales, 
BbPp. of the cross of flie.' with gray body and purple eyes, BBpp. and flies 
with black body and red eye.s. bbPP. produced four clas'es of gamete' a.s 
follows; 47 per cent Bp, 47 per cent bP. 3 per cent BP. and 3 per cent bp. 
The testcross progeny showed phenotypes in the same percentages. 

Bridges and Morgan also summarized data from crosses of the normal 
wild-type flies, which have red eyes and long wings, PPVV. with flies having 
the combination of mutant characters purple eye- and ve.'tigial wing.', pptt. 
From these data, it appeared that the lieteruzygDus F; female.' mu't have 
produced four types of gametes with different gene combinatuin'. About 
44 per cent must have had the parental combination P I and 44 per cent the 
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other parental combination pv. In addition to these two large classes, there 
were also two small classes of gametes of about G per cent each with new 
combinations of parental genes Pv and p\\ Again, Fi females of the recip- 
rocal cross, red eyes and vestigial wings, PPvv. X purple eyes and long wings, 
ppVY, would produce gametes with a dift'erent combination of genes, 
namely, 44 per cent Pv, 44 per cent pV. 0 per cent PV. and 0 per cent pv. 
The test cross phenotypic classes would appear in the same percentages. 

Linkage and crossover relationship-; were also obtained in crosses involv- 
ing gray body and long wings with black body and vestigial wings but with 
different percentages as indicated in Tables XIII and XIV. 

Tnhle A'T" 

PER<'E.Nl.\i;es OJ: Duii'BHID Te.STC RU-l.-SES 


Dihyhrid involv- 
lun the linked 
characters 
Mack body i.;;. 
Stray body and 
ve.stigial wings 
Os. long wings 


Parental-type 
dominant 
\cild-type 
gray body 
cunibiiied 
with long 
wing> 


; Kecombination 
I of ilominant- 
gray body 
with reces- 
' sive-vestigial 
wing.s 


Recombination 
of recessive- 
black body 
with donii- 
naiit-loiig 
wings 

9T 


Parental-type 
recessive- 
black body 
combined 
with reces- 
sive-ve.stigiai 
wings 
41 T 


.\riy other coin- 

binatiuii of The piTccntage- may vary in tlie four clas.'CS 

liiikeii gt-rics 


Dih\ hnd involv- 
ing the charac- 
ter' lilack 
bnily I-, gray 
body and pink 

I led l•ye^. 

Thc'i ( harac- 
ters 'hou free 
U"oi tnc iiT 
.\iiy other dihv- 
luid wi'h free 
a"orrment of 
gene- a' -bn 

Hb 


Parental-type 
norma! 
dominant- 
gray body 
with red eye^ 

25' i 


Mi 


Recombination 
of dominant- 
gray body 
with rece>- 
'ive-pink eye' 

25', 



Recombination 
of rf‘ee"ive- 
lilack bod\' 
uitb domi- 
nant-red eyes 

25 ' 


nB 


Parental-type 
recessive- 
black body 
eonibim-d 
with rece>- 
'ive-pink eves 
25 ' : 


(lb 


Linked Characters in Maize 

The knuuii heritable character.s m Indian curn or mai/e include eiido- 
.'perin cluii'acter', cecd color--, plant cohir', a varietv nl growth habit-;, and 
nunierou' leaf cliaracter.' 'Uch a- modilicatioii' ni extent of chlorophyll 
ti"Ue' ( )f al! the trait' in niaute. the 'eed oharaeter' are perhaps mo't 
dit'er.'e and numeroU' ( 'orn grains may be red or jiurple in a number of 
shade', while the common yellow and white varietie.' may lie either starchy 
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or sugary. Sweet corn may be early or late, and it, a.< well as popcorn, may be 
of many colors. Flint and dent corn are repre.sented by many kind.s. The 
character of the endo.sperm is dependent on a number of identified genes. 
There are the contrasting characters full vs. shrunken, determined by the 
genes Sh-sh, and starchy vs. waxy, Wx-irx I Fig. G7i. These genes belong to 
the same linkage group as the gene.s f’-c for the contrasting characters col- 
ored r.s. colorless aleurone, which is a layer of the endo.sperm tissue. The 




Fio. 07. I-i.vK.on. IX C'oux. 

Abui'L, the eii(lu.spenn character shninkcii i.s linked with purple aleurnnc. Most 
of the purple grains are shrunken. .Most of the white irrains .'how full endosperni, 
because colorless aleurone and full endosperm are linked. As a result of crossing 
over, there are a few full, purple grains and a few shrunken, white one<. Btiov. the 
reverse linkage relations, white grains mostly shrunken and juirple mostly have full 
endosperm. However, there are some purple, shrunken and some full, wlnte grains. 
These are the result of crossing ovci. i.'specimeiis coiirte'V, Geoige Carter, Clinton, 
C'onnecticut.) 

genes are located not far apart in the ninth pair of chromosomes, and their 
linkage relatioii.s a.s well as those of many other endo'perra characters have 
been investigated extensively. 

A.' with other endo.spenn characters, these trait.s manifest them.selves 
in the grains of the ears produced on the Fi plants 'pp. 30, St'o, This fea- 
ture makes them (''pecially favorable material for stutiy, since large numbers 
may he obtained with a minimum of elTijrt Tables X\T and X\TI include 
summaries of linkage relation' of 'ped idiaracters in maize in variou.s parental 
combinations and their testcro'S progenies. 

Position of Genes in Linkage Relations 

Data on the IF and te'tcro" generation' foilowing cro'ses in 1 )ro.sop!ii!a 
'how that linkage is incoinijletc in females but i-omplete in male fiie.' In 
mai/.c, cros'ing n\t‘r leading to ineoinpietc linkage oeciii' regularly in both 
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Table XVI 

Incomplete Linkage in Corn — The Generation Following the Testcross 


Parental Types 


Testcross Progenies 


Linkf/l Xannal 
Doininani 
Charade! •< 

j 

Linked Mutan! 
Tiecesiiire 
Charurtf/.-^ 

Parental , ^ 

\ tic Loinbinaiions 

Lonibinations \ 

! Total 
' Testcro^'' 
Progenia^ 

Cdlnroil alfuronc 
and full endo- 
sperm 

Colorless 

aleurone and 

shrunken 

endosperm 

72.338 or 96.706 % 2.464 or 3.294 Co 

74.802 

I'uli and ^tarciiy 
nridosjiiTrn. 

tlhrunken and 
waxy endo- 
sperm 

: 14.345 or 79.145 Co ! 3.780 or 20.855 

18 125 

Colored nleiirone 
and stareliy 
'■udo'.perm 

Colorless 

aleurone and 
waxy endo- 
spenii 

1 226.044 or 73.825 C j 80.145 or 26.175C i 

i 

306.189 


Table XVII 

Linkv<,i; IN Corn — Percentages Following Te>t( rosses 
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microsporocytes and megasporocytes. Analysis of results indicates further 
that the percentage of linkage varies with different genes (Tables Xl'I and 
XYII). Similar results have been found in the linkage relationships in many 
characteristics of other organisms, both plant and animal. 

Morgan’s hypothesis of breakage in chromosomes and mutual exchange 
of pieces between the two members of a pair of homologous chromosomes with 
conseciuent crossing over of genes has been widely accepted as an explan- 
ation of the phenomenon of incomplete linkage. What, then, is the explan- 
ation of the varying percentages of new combinations in the testcro.<:s 
progeny when the linkage relations of different characters are studied? Why 
should there be such diverse results with different combinations of char- 
acters? The answer to these questions may be sought in the relative position-; 
of the genes in the chromosomes. Although the exchange of pieces was 
assumed to take place between members of all pairs of chromosomes, it 
was .soon recognized that only in a small percentage of times would breaks, 
leading to crossing over, occur in any particular region of the chromoj-ome. 
Thus when certain genes are involved, breakage and exchange of piece-; of 
chromosomes at the location of these genes could be expecteil only occa- 
sionally. For this reason many genes in a chrom<j>ome remain uudi.sturbed 
by crossing over in parts of the chromosome at a distance from their location. 

In the Morgan hypothesis it was postulated that the genes had a linear 
arrangement in the chromosome. Further, it was a.-sumed that the distance 
separating the loci of any two pairs of alleles determined the amount of 
crossing over between them. Between two pairs of alleles located very near 
together in the chromosome, only a small intt'rvening section wotdd be 
liable to crossing ot'er. The amount of ewssiny our observed in any ca^e 
would, therefore, he direetbj proportional to the di.dance in the chromosiune 
■'<^parating the two pairs of alleles involved in the cross. 

Since the crossing over observed between black-body color and purple 
eyes was only 6 per cent, the conditioning gene.-? were as'umed to be closer 
together in the chromosome than those conditioning purple eyes and 
vestigial wings which had 12 per cent of cros.-ing over. Similarly, the genes 
conditioning black body and vestigial wing with IS per cent of crossing over 
were thought to be still farther apart on the chromosome than cither of the 
other two pairs of alleles. In relating the amount of cro^'ing over and the 
distances separating the different pair.- of alleles in a chromosome, it is 
assumed that one per cent of cros.'^iny art r indicutL.i one unit a? dletonre 
between the two pairs of alleles in the chromosome. 

Calculating the Linkage Relations of Genes 

Since crossing over is proportional to the di-taiice 'cparating the gene 
pairs involved, there will be greater chance tor a cro'-iri-cr between distant 
loci than between loci close together. For example, if two genes as -4-a and 
B-h are 20 units apart and two other gene pairs. C-c and I)-d. are only 2 
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units apart, the chance of a crossover between A-(i and B-h is ten times as 
great as l)ctweeii <'-r and iJ-d ^p. 151). Linkage between C-c and D-d is 
relatively strong, and that between .4-« and B-b is relatively weak. Linkage 
strength in any case is indicated by the crossover percentage or cros.sover 
value: a high cro.-isorrr ruhn indicatc.-i wtah link-age and a low rrossover value, 
htronij linkage. Crosso\-er value varie.-' inversely with linkage .strength. 

Calculating Loci of Genes in Chromosomes 

From the linkage .studies in Drosophila (Chapter (3). it was assumed that 
there was a fairh- constant relationship between percentages of new com- 
binations in the phenotypic testcross ratios and distance between the loca- 
tions of any two pairs of alleles in the chromosomes. Each one per cent of 


SCHEME I SCHEME 2 SCHEME 3 



Fio CiS. 1)IA(,1:.\.M Th1;1,1 ReI.A I n <pr rtKXK' CilNDITIoNTN'r. 

Bi.ok IF.uv, [’rnei.i.-i.vi, ( '"I.mu. \ni) t'l.'i ioi \ r. Wisa, [.\ ('hicok i'o.ml' of 
1 )r.( I'l ii'Hii. \ 


ct'os'iuii o\'oi' indicatc.s one unit ot dbtanee between two [lait' oi alleles under 
con-iderarioii. The te'tcro— data were interpreted a^ loi-ating the a'ene for 
black body appro.ximatcly '’> unit' from the gem- lor purple eye and the gene 
for purple eye 12 unit' froin the gene for w-tigiai wing. 

It i' al'O po.-sible to learn from the cros-overdata abeuit the orderiu which 
the loci of linked gene' occur The ord(‘r niigiit be D purple, black, vc'ti- 
gial; -■ black, ve'tigial. pur]ile: or '3 black, purple, vc'tigial 'Fig. b.S,. 
I 'ing rlie abo\-e determinations for di.'ttuiees. iiow do the data tit thc'C 
a'.'Umptioii'? ruder a'.'iimprion ■! . the di'tanee between black and 
\'e.'tigial i' illdic;tted a' 11.S — li.d = .i.U i he ob-er\'eil pereentage of 
cro-'lllg o\'er i' 17.'' between tiitiek tUld \e..t!gia; 1 he order, thi.iefore. ran- 
niit be piurple. bltiek. Ve-,T:glal. I llder 2 , the rli-ttnne between l.iaek ttild 
nurp:e i' Uidieat^d a- 1 1 — I 1 "s = 2U tl [tie iib'et'.'ed peji-eiitage ot 

cro"ing o'.er iietween. rhf— e Iim'I i'. hower'cr. o.uiy Up pei i enr I'he i.irder, 
fhereicire. ra.e^iU be biriek. vc'tigiai. ptirp.e \"Uinpticin .'5 ■■ ,u tj,, ij 
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crossover percentages much better. In this case the distance between black 
and vestigial is indicated as 6.2 + 11.8 = 18 which is a close approximation 
of the distance of 17.8 units calculated from the obscri ed crossover per- 
centages. The data show that the loci for black and vestigial are about 18 
units apart with the locus for purple occupying a position betweiai them. 
The order, therefore, is black, purple, vestigial. Location of these genes in 
the chromosome may be further conlirmed by delermining linkage and cross- 
over relations with other nearby loci. 
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are iiidicateii toi a few of the he-pt-kiiowii inntaiit factor.''. The iioiinal ailelo coii- 
ihtidiiiiuu the wild ty])e oceujiie^ a correr^pondmu hicu^. ' Modi tied atter tlata or 
Bride;e< and Hrehine. (’araiettie Puhliaatioii =o 22 . W a-hiisutoii. irr 44 .; 


d^he iH inil ler < )f i')! weiwed new eoiiil >iiui t loiih' of liulvCfd olim art ( *i > iii\ i il\ ir 
two pail''' of widely .'•eparated maiO'- i> jiciieraily ''yoniew hat leh^-^ than the 
iiuruher of unit' of di'-taiiee hetweeii Thom would indieate. r^euilde oru'-'- 
(>ver>, that i>. two ex<'han^e> of .-eumeiu> hi a .uiveu reiiioii in-tead ol only 
one. may -'i imetime." (leeur hetwe^'u widely loci ot itene.''. In ta<'t. 

il the di-'taina' i" >iithideiitlv ^reat. mure than two (‘^u:^^o^■eI■^ may onair in a 
2.i\'e!i I'h'iiKiii heTwot'u i\\aj paira of allele'!'. L)ounlc cio'^o'k ei'y would com- 
pen>ate eadi ()ther and ]ea\'e the i’t'iier' in their oti^iiad aliLtiinient^ I lie* 
efVect uf doiihle ei'o-'iii^ over would Mien Tend To make the tii-ranee apjiear 
than tlie artual amount. iMaiiy faotor- may intorvone to mmplirare tlio 
wd'-ulation^ Ainono them, hf-ide- doiihle oro-Mnii o'/er. are inrorr'oren. o 
wdrh rro-^Hso o\er and ditVereiice' in the rare- ot cr<)--iinr ovrr that appear 
to he inherent in ^ome ehromo-omf’''. He-id*'- tho di-turhariec of linkable ann 
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crossing over by these physical mechanisms, certain mutant genes also exert 
an effect upon the rates of crossing over. These genes are, of course, inherited 
in regular Alendelian fashion. 

CHROiNIOSOAIE MAPS. By use of data on percentages of new com- 
binations resulting from crossing over of linked genes and with improved 
techniques in breeding experiments, it has been possible to overcome the 
complications and to calculate relative positions of about 500 to 600 genes 






I 





T* 

^ m- 



'‘-4 



# .. iV 

y- ^ 

m 



K 






% 


I 




Fig. 70. Gi.cnt .S.vlivaky Chkomii>omk^ of Drosophila Mll.axdga^tlk. 

The .'tiui'tures oh-ervaOlo along the length of the chromn.some.? are presumably 
eiirrelate.l with the genie loci on linkage maps. (Courte.sy, B. P. Kaufmann, Carnegie 
Iii'titution of tVa-hiiigton.) 

in the chromo'ume.s of the Drosophila. From data on linkage relations of 
geiiC'. maps of chromosomes have been constructed, indicating relative 
positions of a large number of alleles. The published chromosome map of the 
Drosophila shows the location of some of the genetically most u-efiil genes 
iFig. 6!*. p. 151 . but the location is known for many more genes than those 
shown on the map. Work on the giant salivary chromosomes has identified 
the relative po.'-ition.- calculated in genetic r^tudies and the actual positions in 
the giant chromo-omcs ^Fig. lO . .Similar maps locate important genes for 
maize, domesticated fowls, and other organisms {.Fig, 71 and 72). 
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Relative and observed loci of genes and distances separating them ha\ e 
been to a large extent coordinated in the Drosophila. In many other organ- 
isms, however, through lack of accurate analysis and observation, gene 
positions still remain largely relative. With the unit of distance in a chro- 
mosome set as ecjual to one per cent of cro.s.sing over between two pairs of 
genes, the total relative length of a chromosome was regarded as 1()() units. 
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Fig. 71. C'hromh-mml Map of Inuiax Cokx i.>u Maizf. 

The ten pan-! nf chti’inn.^diiii-' in tlii- plant ari' uuniher<‘i‘l ac i‘)nlnisx to their ^ize 
from the louue^t. 1. to the 'hn'te't. 10. The Ineatinn', to relative !oi i m one o: the 
ten liiikaae groups, ate itiiinateil tor a few o; the he-t-kiiov.n naitant ttene-. The 
normal allele of each mutant aeiie oi-cupio' a corre-i.ioi.ihny: im in. iMipiiifieii after 
(lata of Emer-oii. Beadle, and Fra-er, Cornell Utiivcr-ity Agncuilural E-xpenment 
Station Memoir =1S0, Ithaca. lOdo.j 


In pioneer work in the determination of gene pocition.s, some gene was 
arljitrarily .^elected and a-ei^ned to a fixed position nr locus The gene e, 
which Conditions yellow body in I tro'opliila, wa^ a"igned the position at 0 
■ zero) on tlie X ciironio'ome. but it i' not ac-tually at the end of the chromo- 
some, Other gene.s ha\’e since been found which occupy loci beyond , 
Since no one can predict ’.vhen the uenc ar the zero end of the X ehromii-ome 
will be discovered, // i- 'til; regarded as zero, and the loci of rmw cenc' 
beyond y have been as.sigued miuu.s values. Likewise, gene- ;n 'he othci 
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CHIASMA FREQUENCY AND CROr^SOVER FREQUENCY'. During 
meiosis each chromosome member of a pair of synaptic mates is split lengthwise, 
forming two in a group of four chromatids (pp. 19. 1381. At any one point the 
e.xchange of pieces, or crossing over, occurs between only two of the four claoniatids 
of the chromosome tetrad. With the restriction of chiasmata to only two of the four 
strands, at any one point or level, it follows that at this point two of the four strands 
are not included in the e.xchange of chromatid segments. Because the alignment of 
genes in them remains undisturbed, these chromatiiis contain the original paieiital 
combinations of genes. Since the exclusion of two chromatids from tlie chiasma 
reduces the amount of crossing over by one-half, the crossover frequency nr exchange 
frc(iucn<'y is only one-half the chiasma fre(iiiency. In other wools, eon'idering the 
whole chromosome tetrad of foui strands, chiasmata indicate only .50 per cent etli- 
cleiicy, because half of the chromatids are untouched m each case. Specific examples 
may serve to illustrate these relationships. In a case con-iidered eailier. the normal 
wild-type Drosophila. BBVV. with gray body and loiu> winas was mated to the 
double-recessive mutant, hhvr. with black body and vestigial wings. In the re'tcross 
progeny, these chromosome 11 genes showed about is per cent oi cro— iug over in 
the heterozygous F, female. Because eacli chiasma Indicates only 50 per cent cro''ing 
ovei in each chromosome tetrad, on the average 30 of each lOO oocyte'^ will be le- 
quiied to produce is per cent crossover ega<, .\'suniiug that in each of these 36 
oocytes there was one chiasma in two of the lour straiiils oi the chroiiioM.imc tetrail. 
Is tugs with new combinations or crossovers miglit be expected, ORc and O/d’. Be- 
cause crossing over is restricted to only two ot the four 'frauds of each chi oiiu.isi line 
tetiad, the original alignment of genes remaineil undi'tuiUeil in liall of the chroma- 
tid' in the 36 oocytes in which crossing over occurred. These jiioiluceil Is eggs 
caiiymg the parental combinations 9BV and hfir. 

Hpsid(-s the 'tati'tical oti oocytes in the heterozygous Fi female that showed 
etfectn'e cios'ing over, theie would I'C remaining tU of each 166 In this group of 
oocytp.s, chiasmata might hav(' lieen formed in i-hromosome II. but they weie at a 
distance irom the loci of the genes B-b and I'-r. These genes were, therefore, undis- 
tuibed by the chiasmata. The 64 oocytes jirocluced eggs carrying the original gene 
ciimhinatioiis, (In the average there weie '42HV and 32hr egg' irom the 64 oocytes. 
It siniilai' gametic products ol tlie 36 and 64 uocytos are added, there are 9 v 32 
= IIRF and. likewise. 0 -f 32 = 411)'' eggs. They represent the oiiginal parental 
Combination' ot genes. In addition there are tlie cro'Suvei gametes (tR/' ami 'JhV. 
tlrigiiial and ci'o"over eggs combine to make the statistical ti.Ual oi 166 p('r cent, 
that Is 41 RE m 4i/„' 4- 9Rr Of-F = 160. 

b'oinpaied with tlie aliove. the cro— of flio' having gray bodv ami reil eyes, 
BBBB. mated with tiio'e showing the mutations blacK bodi' and ourpic cc't‘' 
gaw' aiiout 6 pel cent cro"mg over in tlie F; female HhBji. 4'hi' iinlicafeil a ihstam-e 
ot 6 unit' 'epaiating the loci of R-5 and /'-/,. In a total or 11)6. ss [,(.[ i-out oi the 
ooecuo' w 11 'liow no i'!o";ng ovei and the oiigiiud alignniont oi genr*' ivdl bo loiind 
in ti e ogg- they pioilui'e, Tliere will be 41 per cent BP and 44 per cent bp liccaU'e the 
cbia'iii.ita aic 'orne di'tance iroiii the legion -ix unit' ;n leiigtli. whicl, contain' 
the gpiip' B-h and R-//. C'io--ing ovei will occur in 12 [icr cent or the ooi-ytcs because 
in thc'C ca'P' the chia'inata are formeil hetwmen tie '.ociis of B-h and that ot P-p. 
■Vs-uinnig that in each or the oocytP' oi thi' !2 oei cent tliere i' just one cliiasiila 
between two of the lour strand' lioni tlio'e ooi ytO' egg' wil! ho prodin cd with 6 per 
cent ol new coinbiuation' or ero"oveis net i-ent oi Bp am! b pel cent ot bP . 

Ibe ciironiati,!' tioin tie two -tiami' mU ueimici in tiie ■■laa'iiiata will aho 
i,a" into egg' I'bc'e egg' will , oiotiTute 6i o, : .cut .viti: the or.gmai aiignn.ei.r ot 
iiii.kcl gem-' loci cent oi R/-'. and b pc: icriTo!',,. 1 1 e pi,> cont ige- a: c then I'McU 
r, , The p,'i , etitage' ot egg' pi 'I'lm e, I ov thi- ss i i , , nr , ooevti" i ,t ■. mg no ci , 
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overs in the black-purple region. Thus, there will be 44 per cent -|- 3 per cent = 
47 per cent BP and likewise 44 per cent -f- 3 per cent = 47 per cent hp. The 3 per 
cent of Bp and 3 per cent of hP completes the total of 100 per cent. 

Phenotypic Ratios in Linkage 

In linkage .studie.^. whenever the di.stance between two pairs of alleles i.s 
known, it is easy to calculate the expected phenotypic ratios. For example, in 
Dro..^uphila the gene, h. conditioning black body is located at 48.5, and the 
gene, p. conditioning purple eye is located at .54.5, both in chromosome II. 
The dominant allele.^. B and P. conditioning the normal wild characters, 
gray body and red eye, respectively, are located at corresponding loci. 
The,se two pair.s of alleles are 54.5 — 48.5 = 6 unit.s apart. The assumption 
that each per cent of croshng over e(iuals one unit of distance on the chromo- 
some is the key to the suiution of .such problems. 

Following a cros.s bctw(‘en a normal wild-type fly, BBPP, having gray 
body and red cyc'; and a mutant fly. hhpp. having black body and purple 
eye^, a het(n-07;ygou.< F; geiH'ratiou. BhPp. will be obtained. Because of 
dominance, tin' Fi flic' will b(“ normal wild typo. Because of ci'o.-.sing over of 
the gene' in the Fi female, some of lier progeny will show new combinations 
of the linked parental eharacter.' in addition to the two parental types. 5'ery 
i>riefly then. 6 per eent of new l■onlbinatilln> of the genes Bp and bP will be 
expecti'd ill the gamete' of a heterozygnU' iVnnde fly and will occur in etpial 
number'. 3 per cent of each Bp and bp. Xow tlie number of original parental 
combinations BP and bp may be calculated by .'ubtracting the amount of 
rccomliiuutions, ti pet cent, troin the total, fiiut i^, 100 per cent — 6 per 
cent = 04 per cent. 

Since the parental combination^ BP and hp occur in epual numbers, 
01 pet cent divided by 2 or 17 per cent each of BP and bp may be e.vpected. 
Ft'male gamete' will lie produced c<intaining the four gene combinations in 
the followuig ptoporrioti'; 47 per cent RP. 3 per cent Bp. 3 per eent bP. and 
17 tier eetiT bp. A' i' ti'Ual in ilihybrid'. four clu'ses of gametes are produced, 
bur rhev ari- nor eijually nnmi riiii'. 'riiere are two large classes of 47 per 
eent and two 'lual! c!a"e' oi 3 per eent Similar ealculations ran he made 
for any two pait' of linkefl cliaraeter'. provided the di'tance separatiitg the 
loci of their eo!iiliti(jniiia genes is known. Plieuotypic ratiris correspond to 

th(‘'e gene (‘umbinations. 

THE EFFECTS OF LIXKAOE IX THE DIRECT CROSS. ^loJifications 
ot t!.e Pliciioty 1 . 1 C Rati"-. Ir Vi ill be lec.'ileii that iCitP'oh' l ii'criverv of linkage 
cii 'iMin ill' oi.-civati'.n "i the iin f iiflc.-tinii of an cxpccteil ii:3:3:l dilivi'iriil 
rati" X"V- .t ■' kic'.vii !aik".ae > an iraportant .-aU'e "i ni.iiliricd ratio' and that 
the < ti'C’; tI.c L'l.Xaao the aontc: the lieviation n.'n. Men.lelian expectations. 
I nk eac at"' Mcc'' cr.riipi'i .ri. a- e'p.'c.ai.y ,n the 'Incct ci"^ — ".nine F; i' 'clfed oi 
I'.itci I . riiC.iiii^rh. ; . . r- x., ., i r.. at . -r,' and .inn'iications icsultina 

'■'.ri liiiS'iai ST,' "Vet '..a., pj i.nnt.vpic ratios ot diiert l•r"''pi niav be 
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From the cross of Drosophila with gray body and red eye, BBPP, X black 
body and purple eye, bbpp. Fi flies, BbPp. of both sexes may be expected. Since 
linkage is complete with no crossing over in the male, Fi flies would produce two 
kinds of sperms, BP and hp. in eciual numbers. From knowledge of crossover per- 
centages, the heterozygous female flies may be assumed to jrroduce four kinds of 
eggs with gene combinations in the ratio of i7BP :3Bp :ShP -ATbp. F’nion of the male 
and female gametes in the direct cross may be expected to produce a phenotypic 
ratio of 147 gray red; 3 gray purple '3 black red; 47 black purple (Fig. 73). 

This phenotypic ratio may be calculated by multiplying the expected frequencies 
of each kind of female gamete by IBP and Ibp, the treciuencies of the male gametes. 
The products are entered in the appropriate square of a checkerboard, and addition 
of like phenotypes yields the theoretical ratio of 147;3;3;47 noted above. Direct- 
cross ratios for any two pairs of linked genes may be calculated provided their loci 
or their crossover percentages are known. 

The Four Kinds of Female Gametes 
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Because them i-- cro-sing over in the luiniation of both male and female gamete-; 
in plants and many kind;; of animals even gieatei complication- aii-e with linked 
genes when the direct cro^s i- used in the^e oigam-m-. A- an example, the linkage 
relations of wa.xv eiido-peim and coloied alcurone m maize may t-e cited. The gene- 
pairs concerned are C-c conditioning col,,i(-ii and i-'iloih- — aleuii-ue and 11 -a- i-on- 
ditloning sturcliy and waxy endo-pcim. Tlybiiiii/atiou ni plant-; with i-oloied 
aleurone, ?taichy cndo-jierm. h't’ll >1 . and with white aleurone, waxy endo-pcim, 
ccwir. yields F-. Cciric jilaiit- 

Self-pollinatioii of the F. h’c'll >>' in a diiect ciii-;^ i-aii l-e expecTeU to rp-;ult m a 
greatly modified F_ ratio ■ Fig. 71 -. T'liore 2') per eriit oi ■ id— ma, over between the 
loci of tiiese gene^ 'PP- l-'i.-t. l-lx >ince th.> occui- ei--ialiy m both antbeis and 
ovules, male and female gamete- are both expecteu ,n the i.itio of ■ l.'h’a" 

1 3cTF ; 37f:;c. Tli;-; ratio oi gamete- is -e ncai te a .];1;1.3 i.it.d th.it th.- numerical 
relation may be -ubirtitiitedt lor the actual ngiires in t'ae cbec-kf cO. cii ci i-alculation- 
of the present prisbiem. 

Tiie -hghtiv nai'liried. gainetn latii s 3fir;ir.- lcir,3-dr may i^e wiitten ar 
the top and at the h-rt -ide di T:.e el.erkerboaid Fig 71 T:.e gene de-ignatidu- 
indicating the pd-ilhle lec.imoimitidU- m-cv ti en ■ i i-nteie.; .i- u-;na ;i; tie- -q cue.- oI 
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the checkerboard. The uametic numbers written at the top and side may now be 
successively multiplied and the products written in the appropriate squares: the 
figures indicate the number of genotypes that may be expected for a particular gene 
combination. By consiilering dominance of the genes, the number of phenotypes 
conditioned by each gene combination may also be calculated. Summation of similar 
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id teeniinjue may be u^ed to calculate the expei'led linkage 
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ti,._. i;i,~,,ivor pel centage' or h.ri oi the geiip- are known In 
-ii.ver value- are unkiiown and a direet cio-- i~ nz-ed that yields 
linkage, cro— ox-ei perreiitage- may he caieulateii by mathe- 
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Sex Linkage 


Sex determination in Drosophila depends upon the pi’e-jence of the sex 
chromosomes, the female having two X chromosomes, or XX, and the male 
one X and a Y, or XY. Males produce sperm.- of two types, those hearing X 
and those bearing Y. Females produce eggs of one kind, all carrying an X 
chromo.some. Females are developed when an X egg is fertilized by an X 
sperm, and males are produced when an X egg unites with a Y sperm. Thus, 
a male recei\-os an X chromosome only from the femah' and iie\'er from the 
male j)areiit and a Y chromosome oidy from tlie male parent, nc\’er from the 
female. Tins type of sex determination is also found in some tlshes, in mam- 
mals. including man. and in many itlaiits 

Sex Chromosomes and Sex Linkage 

Ik'cause of their clo.se a-"i.iciaTion with the sex-determining factors, 
genes carried in the X and Y chromosomes are <-alled sex -linked genes, and 
the (-•haracters they <-oiidition are called sex-linked character-,^ Sex-linked 
gt'ties are nut re-tricted in their action to |‘»urely sexual trait-. 'I'liev may 
affect any portion of the body or any physiological function. In many 
organi-ms. as in Drosophila, the X chrom-orne i- the principle carrier of 'ex- 
linked gciK's, and in thi* (xirlier discus-ion- (jf -ex linkage, thi.' term referred 
largely to genes carne<l in the X chromu-ome. The Y chromosome of the 
Dro-nphil:i i' -aid to be genetically empty or inert. Altliough in Dro-ophila 
the Y chronic >-ome carries few hereditary lactor-, in -cinie other organisms 
both X and Y chromosciiiies contain gene-. '1 ho-e in the X chromo.-ome- arc 
-aid to Ice X-linked ainl those in the Y are Y-linked. 

Since the male fly is developed lollowing the union ect an eag coiiTaining 


“la cijutra^T witli -c.x-linkiMl cliaiac ter-, ci-rram -f-xr.a! ch.ar.c-t' ri-tn--. 

-ac fi ,1- plifinairc cf iiailc- ft)\i i-. ici'iii- oa aaniia!-. aa*! ih*' lx, col ni rii.ca. a.r- -Ttoagly 
luliiii nc d n\ tin -c.x tconncin - Sacli i hana ti-r- .10 i-alfii se.x -limited . ’..crantMix 
[c tgCi .si \-hn'.iti-d riia rcc’T, r-, ! ,i\ c .! nuid.c.' lOai i.> i oi a.c r_\ ha-i- 

.1 U'l aui ] c.indlt !« ciL* <1 1 1 \' gi th - net isrnnir Vi th^ a’Ci'-ca,,'- ■ ,r i': t ■>, ^ , ft' >i:.‘ >-> -an -. 

1 ieny arc nec n<-'i-n--arilv scx-iiiikcd. The d*-', '■[, .pn . r:t i-; aaoct nli'niiicj-, t- -n\nal anri 
SIT, .Hilary -iiMial charai’ti-r- ai.iy It iat’cii in ed hy tcix - ..‘’in d la tl.i in;!' 
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an X chromosome and a sperm containing a Y chromosome, it never receives 
any X-linked genes from the male parent, but it receives Y-linked genes 
only from the male parent. The female, determined by the union of an egg 
containing an X chromosome and a sperm also containing an X chromosome, 
inherits X-linked characters equally from the male and female parents. Thus, 
a sex-linked gene, carried by an X chromosome, follows the course of that 
chromosome in a crisscross manner through the generations, first in one sex 
and in the opposite sex in the next generation. The males of the Drosophila, 
with but one X chromosome and an inert Y, will show the effects of any 
X-linked gene carried by that chromosome, whether it is in the dominant or 
in the recessive state. In the absence of dominant X-linked allelic genes, the 
effects of X-liiiked recessive genes are never obscured in the male. In the 
female flies, however, with two X chromosomes, the t'tfects of a recessive gene 
may be submerged by the action of its dominant allele A male with only ont 
X chromosome is said to be hcnuziigou--i for its X-linked genes. 

Reciprocal Crosses Involving Sex Linkage 

One of the first mutations that Morgan studied in the Drosophila was 
the rece.-^si\-e sex-linked character white eye. White eyes vs. red eyes are 
deterniiiied by the gene pair W-w, carried in the X or chromosome I. The 
beha\'ior of those genes is typical of all sc.x-linked genes carried in the X 
chromosome of Drosophila, some other in.sects, and of mammals. Any trait 
exhibiting crUscros- inheritance is recognized as a .sex-linked character. The 
situation may be illustrated l.)y the cross of fruit flies ha\-ing white eyes with 
tho.'C having the contrasting character, normal red eyes (Fig. 7.5j. 

The early students of Drosophila genetics made ii.se of the .striking criss- 
cross inheritance of .'Cx-linked traits to determine the linkage relations of new 
mutations (p Sex-linked characters also show other peculiarities 

<k’ behavior in the types of ratios they produce. Since a female Drosophila 
has two X chromosome' and a male only one X, reciprocal crosses of the 
direct type involving sex-linked genes yield different results in both the 
Fi and F: generations. In 'ome instance' the monohybrid F; ratios are .3: 1, 
but ill other ca'Cs the F_ ratio' are 2:2 (Fig, 76 and 77). In Drosophila 
reciprocal cros-o' may be made that involve the recc-ssi^-e sex-linked charac- 
ter white eye and its contrasting allele, the normal red eye, in one case by 
mating a red-eyed female fly with a white-eyed male and in the second case 
by the rever'e, that i'. a white-eyed female with a male having red eyes. 

3.1ariiig a homozygous red-eyed female. TFir, to a white-eyed male fly, 
w. jwiiduces an F; gi-iieration coU'isting of males and females both having 
red cyc' Fig 7*1 . The Fi females are hercrozyguUs. 11’;/'. since they inherit 
an X chromi.i'onie from, eacli parent. The X from the male parent containing 
the rcce"r.'e g.a!.- />■ f,,!- o, iiite f-ye- tlni' lia- <Tis~,-iTi,^,-d from P. male to F; 
female Although Tiey carry the rece"ive gene for \vhite eyes. Fi female' 
will have red eves tieeausc of the domimuice of IF. 
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The heterozygous Fi female rvill produce two kinds of eggs. In one kind 
the X chromosome carries the IT gene, and in the other kind of egg the X 
chromosome carries the iv gene. The hemizygous Fi male also produces two 
kinds of gametes. One kind of sperm carries the empty Y chromosome: the 
other carries the X chromosome which, in this case, contains the dominant 
gene TT”. iNlating the male and female Fi flies in a sibcross will yield an Fo 
generation with the genotype? formed by the recombinations of the two 
kinds of gametes from each male and female. The union of the Y sperms 
from th<‘ Fi male with eggs containing either IF or lv in the X chromosome will 
determine the production of XY F^ males. However, the X chromosomes 
contain either IF or w with ecpial freciuency. and half of the Fo male flies will 
have red eyes, IF and half white eyes. iv. The union of the X sperms which 
carry only the dominant gene IF with eggs containing either IF or w will 
result in the production of the genotype." IFIF and Tlhr. Since the Fo geno- 
type" contain two X chromosomes, they will determine de\'elopment of 
females. Because the."e are either hom(.)zygiiu?-domiuant IFTF or heterozy- 
gous 11 II'. they will all have red (wes. Thus, the cross of the red-eyed 
female with a white-eyed male yields an F-j generation of flies with red eyes 
and Hic" with while eyt's in a 3:1 ratio. 

In the reciprocal cro.?.s the Pi cousi.'ts ol a white-eyed female and a red- 
ec'cd male fly. Ihe white-eyed female of Pi carries the rei'essive gene w in 
each ot her tw(j X chrom(.i.'ome.". Ihe red-eyed male of Pj carries the domi- 
nant gene I! in hi" .'ingle X diromosome Because of the crisscross inheritance 
ot se\-liiiked characteristics, mating a temale with white eyes to a male hav- 
ing red eye." produces an Fi generation consistisig of heterozygous red-eved 
temale^ and heinizygou? white-eyed male", ihis result differs from the pre- 
ceding reilpi-ocal mating Mating the'e male and female Fi flies in a sibcross 
will Yield an F; generation with the genotypes formed by the recombinations 
ot tlu‘ two kind" ot gamete? prodiii'ed liv Fi flie" of both sexe." (Fig. 77 ' 

1 he egg" iroin the I tcniale eaidi carry one X chrumo"oinc. IIowe\'er, in one 
Kind of temale ganii^te. the X cimrtuns the dominant gene TF. and in the 
othei t\pe. the X Contain" the n“ce.'-iv(" gene ir. The two type? of sperms 
from the I - male are tho'e carrying the Y chromo'ome and those carrving 
the X with it" rece'"ive gene w. 

'Ihe union of the Y "pcrni" trom the Id male and ciig- containing with 
ei|U.u iieinie!ii \ eithei 11 or ir in the X chroino"oiue will determine the 
production OT hemizygoii- F, mah-. Thu?, half of tlic'c F, male flie? will 
ha\e led (•} e'. n . anil Halt white eye-, ir. The union of the X "perm? which 
carry the recc--i\-e gene ir with egg? coiituining either IF or ir in the X 
I nionio-iiine ■,>. in piMilu.-n female? with red eye?, II w. or white eyes, wir. 
lheret..ie the cr.,-- .it a temale with white eye- and a male with red eyes 
yield" an I _ geicration fh,.^ wirli red eye" and Hie" with white eye? in a 
2:2 ra*;o ■>. ti’.ch diiCi f" trom the reeiprucai i-ro"" 

o il '■} a .aige number ol ?ex-linked mutant eharaeters ha? been 
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recognized. All that has been said concerning the linkage relationships of 
autosomal genes, definite loci for the alleles, chiasmata. recombinations, and 
interference with crossing over are equally applicable to se.v-linl:cd genes carried 
in the X chromosomes. 

Sex Linkage in Man 

[Mammals have the same type of .sex determination a.s the Dro.suphila; 
that is, sex in mammals is also determined on the ha.-^is of the XX-XY com- 
hiiiatioii of chromosomes. For this reason the inheritance of several se.x- 
linked characters in man follows the same scheme a.s that descrihed in the 
Drosophila. Two recessive sex-linked characters known in luiman beings are 
the defect in vision called color blindness and the physiological abnormality 
hemophilia (p. 492). The genes basic to these defects are carried in the 
X chromosome. Each of these traits show.s the typical crisscrn-~-i inheritance 
seen in the sex-linked characters in the Drosophila, such as white eyes. 

Color blindness is a fairly common defect of vision in man The character 
expresses itself in an inability to distinguish accurately between red and 
green colors. In females, with two X chromo.some.s. the recessite g('nes 
must be in the homozygous .state to manifest themselves. Males have only a 
single X chromosome, and in them a single recessive gene can determine 
color blindness. Because of the relationship of the hereditary factor to the 
X chromosomes, more men than women show color bliiulness. (See further 
discussion, pp. 484-4S7.) 

Sex Linkage in Birds 

Poultry breeders and fancier.' are interested in the inheritance of sex- 
linked characters in fowls and birds. The mechanism for .'CX determination 
in birds differs from that in Drosophila and in mammals. In birds the male 
has two functional sex chromosomes and the female only one. 'I’his type Ini' 
been called the W-Z type of sex determination. However, it is betrer to 
regard the sex chromosomes of birds al'<j as X and Y. The male bird' have 
XX and the females have XY chromO'omc'. The sex-linked character', of 
which there are several in birds, such a' the dominant-leather eharacters 
barring and penciling, all follow the c(jur'e ol the X chiaimosome through the 
generations (Fig. 78 80). The 'it nation a.s to chromosome' and sexes 
introduces only miiKjr complications. 

Various Types of Sex Linkage 

Through the inve'tigatioiis of Koller and Darlington, Haldane, Snyder, 
and other', it has liecome eviilent that the inheritance of sex-linked genes 
is more complicated than wa' indicated by early investigations of inheritance 
ot sill'll sex-linked charaiUers a' white eye in the Dro'Ojihila, hemophilia, 
aiid the red and green color blindne" in human being' 

t'ytological investigation' ot the synaptic relation' m the X and Y 
chromosomes show that in manv ease' rhe'C 'cx chromosome's are lela.ted in 
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three distinct ways (Fig. 81). First, there is a portion of the X chromosome 
which is iioiihomulogous with any part of the Y chromosome. The iion- 
homologous parts of the X and Y chromosomes do not pair nor undergo 
crossing over during meio.sis. Genes such as those determining white eye 
and yellow body in Drosopliila. hemophilia, and the red-green type of color 
blindness in human beings are carried in the parts of the X chromosome that 
are nonhomolngous with any part of the Y chromosome. These genes are 
completely X-linked and because of their location determine the ordinary 
type of sex-linked characters. Such genes never pass directly from father to 
son hut always from father through daughter to her sons Second, there is a 
portion of the Y chromosome which is nonhomologous with any part of the 
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■II. P., ]■ ;. .\NIj I- ; iit:M;R.\TIIiX'. (IF THK PiECIPROCAL CRO^S OF ThAT IlLC— 
TKATED IN FiG. 79. 

.(■ P_. at .1, a black Ri>~e Ccjrnb Bantam male; at B, a barred Plymouth Rock 
=■ MaMlp, the t •. barred male at C and black female at D. Note the effects of 
c" ciit.)!.' e The F. nf thi^ cros.- con'ist= of maie.p and female^, half of each 
o>.d ; ,c I, e -j-; r.jri,, , ,f cnicT in the F; h 2 baned.2 black. Compare 
it: the iecipro'-.,; crc'S. Courtesy, M. A. Jutland J. P. Quinn, from J. Heredity. j 
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The Don- homologous ' 
part of the X \ 

chromosome. Genes in 
this segment of the X \ 
chromosome ore completely 
X- (Inked and show the ' 

ordinary type of linkage 


Y 

/ 


The non -homologous port 
of the Y chromosome. Genes 
In this segment of the Y 

chromosome ore completely 
Y-linked They ore called 
holandric genes-wholly 


^ V The homologous ports of the X ord 
^ ^ chromosomes Genes in these seg- 

^ ments of the sex chromosomes ore 

$ Q 

X oi(e(ic with those ot corresponding 

N 

^ loci tn the synoptic mote, 'mere is 

X crossinn nuer m ilhA^a i 




crossing over m these ports and 
the genes show incomplete linkage 


^ i^t os 13 typical of outosomol genes. 

ill 

X Y 

Fig. si. DiAc;n.y..M of ihe Pu-mblf fiLLA-iiux-mp of the Part- of ihe Sex 

C’HROMO'i'iMF,- 

o^noi f}‘, Y 1 lor-:tre.l in tin.- maih.inHiiotrou- 

.-- U 01 tk X ehrniuo-niue me ei-iiipleteiy X-liiike.i. anri .yr-ne- in the n-.n- 

■ 1 no.i)t;iiU- part nl the Y rhroini.M.me .-ue i-nriipleTPiv Y-iinke.i J .^.1 

k:hSitzeI^‘'' ''' UarJington, Stryii.-r and Palmer, and Kan- ami 
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Questions and Problems 

1. What happens in linkage? Who discovered the phenomenon of linkage? In what 
organism was linkage first discovered? What names were first applied to link- 
age? Who proposed the term linkage 

2. What is the relation of genes to chromosomes which makes linkage possible? 
What is the physical basis of linkage? Do the relative numbers of genes and 
cliromu^( lines have any bearing on tlie linkage of genes? 

d. What IS a linkage group? How many chromosomes are basic to a linkage group? 
hat is the relation of the numbei of chromosomes to the number of linkage 
groups? How many linkage groups are known in the Drosophila? 

4. How many linkage groups are there in maize or Indian corn? 

b. Make a diagram to illustrate the relationship of genes to chromosomes in which 
free assortment is jiossible. 

6. Make a diagram to illustrate the relationship of genes to chromosomes under 
which linkage is possible. 

7. hat do you understand by the terms co/i/p/r/c Unkagt and inconiplctt liiikngt 
Which of these is the moie common? 

5. Compare some ot the testcross or backcross percentages which occur under 
conditions of iieo assciitmeiit and under conditions of linkage in Drosophila. 

!l. Have linkage relations been found in organisms other than the Drosophila? 

ID. Couipuie some of tlie peicentages resulting from the testcrosses under conditions 
of linkage in coni. How do these compare with testcross percentages under con- 
dition' of ficc assoitiuent? 

11. What 1 liffei ences may be ob'crved in the progeny of parents which show com- 
plete linkage and tho'C uhich 'In.iu iiicumplete or partial linkage? 

12. W hat I' the pliv'ical hasi' ni incomplete linkage? What jihenomenon of chroino- 
'iiiiic behacioi aecount^ im inci uiiplete linkage? 

Id. What 1 ' cro-'ing over? What are chiasniata? 

14. Du chui'iiiata caii'c (•Io^^illg nvei or are they one of the results of crossing over? 

1 . 0 . Wliaf 1 ' ' interieiimcc with i'i'i"ing nvei ? What physical forces within the 
chiomo-omc' may In' re-pijiLoiblc inr iutei ference? What physical property of 
r'le chimiiatid' may intiuence interierencc? 

Iti. W !iat ale tlie milt' ni dl'taiice a' appiieil to po'itinii' of genes on chroiiio.si uiie'? 
Hiiv, -.'.elf they detei niuieii'’ Why ale ail chroiun'iimes considered to be lOD 
unit' haig icganllc" .if then a. tual 'ize? 

li. De'iiibe the inetli.i.i i hai'iilnig geiietK data on the linkage relations of two 
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24. How is sex determined in Drosophila and many other animals? How many 
kinds of chromosomes are recognized in animals and in some plants'' IIou do 
they differ? 

25. What is the relation of the kinds of chromosomes to the kinds of linkage? Why 
is sex linkage easier to recognize than auto.somal linkage? 

2(). Describe a case of crisscross inheritance. 

27. IMiat is sex linkage? What is the difference between sex linkage and autosomal 
linkage? 

2S. What are X-linked genes? 

29. What are Y-linked genes? 

30. \\ hat are holandric genes? 

Data ox Linkage Kelatioxships ix Dro^ophii.a 

The important data on linkage come from genetic expenment;- in which fl) the 
percentages of crossing over have been computed and rii the chroinosoiiie maps 
indicate the relative positions of tlio jiairs oj genes; they include the fai-ts CL that 
the linkage relations of any specific groii)) of gene pans aie changeil hy cro.'smg over 
in only a few of the meiocytes in any singli* case and i-li that the male 1 irosoiilnla is 
one of a few instances in whicli no crossing over takes place lieterence to the chro- 
mosome map in Figuie 09. p. l.'il . and caiefiil study o| the topic ot i aliailating link- 
age relations (p]). 1 3(1, 1 .iil i an' suggested in the -olution oi these pi ol ilenis. 

The following ate data on the loci of a feu pans ot genes in imbino- 

r. 

CHROMoso\[E I (Xl 

.411i'le.s locus phenol yju’e ( liaracters 

Y-il at 0 (.1 conditioning normal gray i^. miitant-vellou body 
TI’-c '■ 1 5 " ■■ red (.V ■■ -white eyes 

T'-r " .13 0 ■■ ■■ led r.>. " -vernnlion eye.s 

fi-a " 44 4 '• ■' red is. ■ -garner eyes 

Br-hi ■■ 57 0 “ mntant-Viar rs normal round eyes 

Chromosome II 

B-h at 4S 5 “ tionnal gray mutant-black body 

Pi-pi " 54 5 ■' ■■ red 's ■■ -purple i-ves 

I '.'-o/ ■■ 117 (J “ " long ' -xe-tigKil 'holt- wings 

< ’-i' " 75 1) ■■ 'ii'aigliT , " -eui ved u ing- 

ChKomo-oME III 

at 2ti 0 “■ noiiiial ii-d /' mutaiit—epia brown eyes 

.s'r-'r 44 0 '• " led • — carh t eye- 

B-l> 4S 0 ■■ " red'- " -pinkec.- 

E-t ' 70 7 '■ gra> '. -cbonc 'ilaik body 
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the types of gametes the fh flies may be expected to form. Will these gametes 
be equally numerous in each sex or will they occur in some other ratio? What 
phenotypic ratio may be expected if the Fi females should be backcrossed to 
males from the double-recessive black-purple stock of flies? What phenotypic 
ratio may be expected if the Fi males are backcrossed (or testcrossed) to females 
from the double-recessive black-purple stock of flies? 

34. Assume that a female Drosophila with the mutant character black body and with 
normal red eyes is mated to a male fly with normal gra\' body and mutant-type 
})urple eyes. What will be the nature of the Fi flies in respect to these characters? 
What types of gametes will these F. flies produce? Will they be equally numerous 
in each sex or will they occur in some other ratio? If F-, flies, both females and 
males, are testcrossed by matinsi to the double-recessive pmrple-black stock, 
what jihenotyjiic ratios may be expected? V\’hy is there a difference in these 
ratios? 

35. Assume that purple-eyed flies with black bodies are crossed to the normal 
homozygous wild tyjie. If the Fi flies from this cro«s are mated infer se, what 
phenotypic ratio may be exjiected? Xute: It is llece^sary to consider crossing over 
and the numeiical lelations of the Fi gametes in this problem, 

oh. In iJrriftiiphiln when flie- with mutant-black bodies are mated to flies with 
mutant-tyjie juirple eyes, what will be the nature of the Fi generation flies with 
respect to these cbauu'teis? .\'<ume that the F. flie.s are mated inUr st. What 
phenotypic ratio may be expected? What does this ratio indicate? Xute: Crossing 
over and the numerical relations ot the Fi gametes must be considered in this 
pinblem (pji. I'ib. 151 j. 

37. A student mated flies with black bcalies and vestigial wings to the homozygous 
wild-typc Drosophila. The wild-type F; generation was mated inter se, Fi X Fj. 
The F_ generation consisted of 271 wil, 1-type flies. IS flies with gray body and 
ve.'ticial wing.-., lb flie.- with black boily and long wing.s, and 7S flies with black 
holly and vestnnal wing-. What does this ratio suggest as to the linkage relations 
of the character' blu'-k and ve-tiaiab’ 

Sk. When Diosophila which 'bow bi.th the second-group mutant characters black 
body and ve.stigial wiiig aie mated with, hoiiiozygmis wild-type flie.s having 
niiimal ai'ay body and nuirnal loHa wina-. the 1'. generation flies ate all wiM type 
hkc then dominant iioinial paienr. What phenotypic ratio may he expected if 
the F. female' aie mated to ilouble-rei-e"ive iiiaie' with the mutant eharaeteis 
bi.iek iioilio' ale! VI 't'ai.il witias’’ 

30. .\"nme that norma! honiozyc.ius wihi-typo fl'cs am matcii witli flir-s sjiowmg the 
second-aO'Up mutant r!.ar,iete!~ purple t-yc' iiei \-e'tie;a! WHias l\'hat waniM he 
the ]ihenotype el the I o! 'Urli a elo"? What < !:t"e.-^ mi fl.e^ Would be expected 
. 1 ' a result ot barkei os~,i-,^ rbe F retnalc' t.. male' from the double-recessive 
;eirple-ve'tia..ll 'toi k ot flies'* 

40. When Drosophila showing the thild-eii.u!' mutant chai'aetei' pmk eves and 

ebony boiiy are i i o'sed .vith ieimozyao'!- '. :ld-type flie^ w.th nminal red eyes 
and aiay 'no, lies the 1 aeneiat' oe e,,inj.,eed or fla-' with normal wild- 

type eh.i! .mtei ' What pheniitypii i.it.,* i.iay be expected it tlie Fi generaticin 
Is mated, to the liou! de-re, -e'-ive pink-eb. ,ny st'.ck? 

41. .\"U:..e t.nat Drosop'mka v ith tre th;r,l-a;oup m'ltant eharaetei's scailet eyes 
a!.,; e' ony ; ,,,ly am mate.; wit., the l.oi;,. -zya, ,U' v.xlii-typ,- flies. W'hat eye and 
biiiiy I',,., !' '.oUal tl.e F a, 'iiei .it., fl.e' 'l.o'.v ? W iiat phei.otypie latio c'ciild be 
exi.e.’te,! in ti.e F. 'ael.er.ltlor.'’ 

42. .-\"'.r.'ie ti.at Di-',;.,' la - t r- : i-ar,',ur mutaiiT ci!ara,;ter' sepia 'a 

bniwii , oh ■! eye- .;ra; e' ■ iiy o,,.;y :..are,; r,, .n'-oz yaoii' wnd.-tyne tiu-'. 

Di'i ecar, iiiia tne i ompi'c ate,iis wni, n .o "ina 'jvei niiaht intri'duce. 
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calculate the phenotypic ratio which may be expected in the progeny following 
the testcross to the double-recessive sepia-ebony stock. Is double crossing over a 
factor in linkage cases in which the two pairs of genes are widely separated? 

43. When Drosphila showing the mutant character sepia eyes and the normal wild- 
type gray body are mated with flies showing the normal wild-type red eyes and 
the mutant -ebony body, the F,. generation is composed of wild-type flies with 
red eyes and gray bodies. Considering the linkage relations involved, determine 
the tyjies of gametes which the Fi females and the Fi males will produce. In 
what ratios may these gametes be expected to occur in each sex? What pheno- 
typic ratios may be e.\])ected if the Fi females are backcrossed to males from the 
double-recessive ebony-sepia stock of flies? What phenotypic ratio may be 
expected if Fi males are backcro'sed to females from the double-recessive ebony- 
sepia stock of flies? 

44. Consider the phenotypic ratio> olitained in problems 40 and 41. Compare 
them with each other and with the expected buckcross ratio when a dihybrid 
with free assortment of genes is baekerossed to the double lecessive, 

4.5. When Drosophila which show the second-linkage-group mutant character 
vestigial wings and the third-linkage-group character pink eyes arc mated with 
homozygous wild-type flips having normal led eyes and normal long wings, the 
Fi generation are all wild-tyiie flies w ith red eyes and long wings like their noimal 
dominant parent. What phenotypic ratio may lie expected if the Fi females are 
mated to double-recessive males with the mutant characters pink eyes and 
vestigial wings? 

40. A student made a cross between a homozygous wild-type female and a male with 
vestigial wings and sepia-colorc<l eyes. lie found tliat the Fi flics wore all wild 
type. Following the mating of the Fi flies inttr vr, I' .X F,. he had an F: gen- 
eration consisting of 320 wild-tvpe flies, K'l flies uitii red eyes ami ve.'tigial 
wings, 106 flies with sepia eyes and long wings, and 34 flies with sepia eyes and 
vestigial wings. When the Fi generation was testcrosseil to the douhle-recessive 
sepia-vestigial stock, the progeny consmted of 125 wild type, 120 flies with loiig 
wings and sepia eyes. 124 flies with red eyes and vestigial wings, and 123 flif'S 
with sepia eyes anil vestigial wings. What were the linkage-group relations of the 
characters under consideration in this experiment? 


D.\r.\ nx Link.xgk Kkl.xi lox-urp^ i.v Maize 

In corn 'maize' one pair of the basic compicmentary-color factors. C-c, comlition' 
colored aleurritie in tlie dominant and ii.lmle'S aleurone in the homozygoiis- 
receoive .-tate, The-e gene- aic Ini-ated 'it 21 on cliri'niosome IX. The geiic~ 
Sh-sJ' cnnditiiiii the cinh'-peim chaiaitei full endo--peim 'full grainsi and 
shrunken endosperm in the doinmant and recessive states respectively. These 
genes are located at 24 also on chroiii'isume IX Coii.-nlering thc'C ilata. solve 
the following problem. < .'■ee p. 15:> . 


47. Assume liybrnlizatiiui between \a!ietie~ of cuni a- 


Coni pncl'ii'ing 
gram- wuh ri-luri 4 
aleurone and lull 
cndosOerni 
<■ C 

S' S ' 


a. Wllat testcriiss l.it’i' Ili.iV be e\; i 
double-recessivp plants wu'' si,; 
laver ’ 


( 'orn proihii irig 
giain- V. I'll w hill 
aleurone snd -l.runken 
. n.i. .-p.-ric 

te-i the F: p.iai.ts aie backcrossed to the 
iiikeii endosperm and colorle=s-a!euro'.c 
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b. Considering the inet that there is criissiiig oA'er in both the female and the 
male in corn, calculate the expected Fj ratio following self-pollination of the 
F 1 plants of this cross. 

c. Why IS there a difference between problems a and b above? 

4S. Review the following aspects of linkage. By using diagrams, explain them, (ai 
The physical basis of linkage, (b) Complete and incomplete linkage, (c) Ex- 
change of sections of chromatids and genetic crossing over, (di Sex chromosomes 
and auto.-^omes. fe.i Cliromosome numbers and linkage groups, (f'j Crossover 
freiiueiicy ami it.s lelation to chiasma frequency, (g) Interteronce with crossing 
over, di'i Douhle crossing over, (ii What is a chromosome map? (j) Why are 
organism' with low numhers of chromosome' preferred for genetical research? 


D-xta on Sex Linkage 

All that has heen said concerning ci' 0 "ing over of genes, due to exchange of 
jiicccs of chromosomes between synaptic mates, applie' equally well to autosomal 
linkage and sex linkage. There is, however, little or no exchange between most paits 
of the X ai d Y chromosomes. The same general principle' coiiceniing location of 
gmics and ciossover relationship found toi autosomal genes hold true for sex-linked 
iienc' on the X chromosome. Sex-linked genes are perhaps more easily recognized 
than auto'ciinal genes hecause the characters follow the sex, This is because the 
'e.\ and the 'e.\-liiiked chaiacteis arc conditioned hy factors located on the same 
chromosorao. namely, on the X chromosome. (See data on sex-lmkcd characters, 
pp. l.il. I(i2'i. Note that the Y chroiuo'ouie i' ino'tly inert and carries few genes. 

49. a. .\s'Ume a cross between a female Drosophila with 'cx-liiiked white eyes and a 
wild-type red-eyed male, (.ioncs cciiiditioniiig these characteis arc cariieil in the 
X chromosome. Deteimiue the characters of the Fi males and females. What 
ratio may lie expected in the F; generation? 

b. For the leciprocal oid'S, assume mating lictween a female Drosophila with 
red eye- and a male witii white eyes. Compare the chararteristics of the male 
and leiiKile L tile' with tho-e in tlie reciprocal cross uiiiler problem "a" above. 
Wiiat ratio may be expected iii the Fj aeneiatioii following mating the Fi males 
and females? ( oinjiaie tlio Fj ratms i,f rocipiocal <Ti',"es. 

.■)(). WliPil a lernale 1 )roso])hila with sex-link(>d yellow bndy i- cro'-ed with a wild- 
Tvpe iii.-dc with the noiiiial gray bddy. the Fi teiualos ale wild-type phenotype', 
t'Ut the F; iiialr- have yellow bodic'. Compare the roeipn.ical cro-- a- legards 
the biiily colfii- in the 1- ef.iu.vation. C'om|‘iarp the F_ generation m rceiprocal 
e! o — ^e- in \\ hi eh tht' h . file- oT eaeh ei'o— are niatet 1 O/L r . 

.11. The bai-eve chaiaetef in I)io-ophila i- eoiiditioiiec i by a di inuiiaiit -ex-linked 
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blind. lYliat are the eliances tliat Ilol)ert may inherit the defect? If other childien 
aie Ixirii in tlie .Joiics family, what are the e.xpectations a.' to their vibion? What 
are the expectations that the .Jones children in their turn may transmit color 
hliiidness to future generations? 

5.5. When a female with the sex-linked mutant chai’acters yellow body and white 
eyes is mated with the wild type with normal gray body and rod eyes, the Fi 
generation flies are of two kinds. Explain. Assume that the heterozygous F, 
females are mated to the double-recessWe yellow-bodied white-eyed stock. What 
testi-iors latio may be expected in this case? Considering all the lact^ ahiout 
crossing over in the male and female Drosophila, calculate the expected Fj 
results if Fi flies are mated inter se. F. X Fi. 

.50. Work out the Fi. F-i. anil backcross ratios in the reciprocal of the cross in problem 
.50. 

57. Demonstrate the inheritance of the two sex-linked characters in the Drosophila, 
yellow-body and vermihon-eye color, in reciprocal crosses. Compare the Fi 
generations, the direct cross Fj. and the testcross ratios tollowlng mating to the 
double-recessive 'tock in these reciprocal ciosscs. 

D-XT.r ox Sr.x I.iXK.vor, ix’ Fowls 

..\mong hii'ds and towb the males have two X chromosome' ami the females hut 
one X and a Y. Thus, tlie females are the heteiogametic ~o\ which i' the reiei'C of 
the cuiiilitioii ehaiacteristic of Drosi.iphila and mo.'t mammal.'. In fowl' the well- 
known color variation bnrrtil is a dominant 'C-x-linkod character. Hnrrcd is a color 
pattern consisting or alternating colored and white area' on the feathei' (Fig. 7x). 
The bailed Plymouth Rock is a bleed of fowls in w hicli tlii' trait is w ell developed. 

5s. When a male Plymouth Rock homozygous tor tlie baried character is mated to a 
female from one of the nonbarred colored breeds, the F; geneiation coiisl'ts 
entirely of barred fowls because ol dominance. M hat aie the expectations fui the 
Fs generation when the Fi fowls are mated intir m ‘ 

59. .Assume a cross, leciju'ocal to tliat designated in problem 5s, in which a barred 
female i' mated to a coloicd male hoiiiozvgou' toi the nonbarred chai acter. 
What will be the color chaiacteristics of the F; generariou? Compare these with 
the Fi geneiation of the reciprocal cri.ss m problem .5s. What are the expecta- 
tions tor the Fj generation jiroduced by mating the F touls inttr s. ' In geneial. 
how do the ratios fiom these ciosses compare with the reciniocal i io"es involv- 
ing sex-linked chaiacteis in the Drc-ophila? U hat ilitTcir-iiccs are louiid iii 
leciprocal crosses invoKung spx-hnked cKaractci' iii I to "itphila and iit iiiwl'"^ 
til). What is the dift’ei eiwe between a sex-linked chaiactel and a sc.x-liiiiited cliaiac- 
tci ? Upon w hat does each dejieud? Plow' b each iuhcrite<i? 
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section 4 


Actions and Interactions of Genes in Development of 
Heritable Characters 


Besides the normally expei'te<l domiiuiuee and ioce>sivenes? that typify earh pair 
of alleles, genes have other relatiiiiiships. Among thoM' is a lelutioushii) ol genc' and 
euviioiiment. Organisms with certain genotypes may leact in a definite way in a 
given environment, while others may respond in an entiiely dift'eient manner or nuiy 
he unaffected in such environment'. Plant', especially, are 'uh.iect to (‘xtemal in- 
fluences. Altlmugh not aft'ccteil as much or a' directly as jilauts hy minoi changes, 
animals do rosjiond to external environmental influence' and al'o to their own 
physiological condition, which in turn may he under genetic control. 

Mendel thought the herc'ditary unit wa< the deteiniiiiei of a 'ingle cdsihle chai- 
acter. It is now realized that a hereditary unit or iji m net- to produce ont /cii/iu/'v 
t-jfed or cliaracteristie bat that il uia'j hart .s</f./s// uttur minor trhot.i. (.'oiivei'ely, a 
■iini/lt cliiiriirtt ristic mail ht iiijhit net it in itt- ilti'ilniinnnt hi a ininyli gi/if exerting a jiri- 
maiy effect w liich. how ever, acts u ithin a genetic enviroiiniciit or a'soi-iation i ii many 
other genes. The dex'elopiueiit ol a heiitahle chaiai'ter actually mn i hi 'ir/n mit nf on all 
of thi gtntis in tin organism, hut it may he =aid tliat the ilevelopmeiit ot n trait f.' 
ronilitioltf. (1 . not tlijiuittln ibtt rmirn rl. In/ ihr mtion or injI'U/mr oj n .vtCg/f <Ji m or a 
small gronp of gc/n.'S Since it i' ;!ni)i ."ilile to snidy the entile genotype. coii'C Icratioii 
is generally restricted to oiu' or to a lew genes with the mo-t proiuineiit influence in 
the development oi a tiait. In thi' di'ciis-ioii attention i' iii't gu'cn t'.i the action 
and effei’ts of single geiic' iii 'pecial external ainl inteiiial euviroiimelit'. Then latei . 
the uiteructiou of seveia! genes i' >-i rii'ideied. In nuineioU' iii'Taii'-es the niti-i aetions 
of two or more pairs of definitely nouallehi- genes air known. .V group of gent-s ot this 
nature is called a gene or factor complex. 




chapter 9 


Action of Genes in Development 


The genetic -environmental relationship of genes mcltido^ not only the 
factors of the external environment Init al>o the internal or physiulofiical 
environment. Certain hormones may alter physiological or cellular cin'irou- 
ments for the products of gene activity within the animal body, Many 
physiological functions as well as structural features are certainly under 
gene control. Some genes, influencing the development of \-ital structure.s or 
phy.siol(igieal processes which may cause the death of the organism, are 
called lethal gene.s. Further, there is tlie action of multiitle alleles which 
re.sult from a serie.s of mutation.s at one locus in a eliromosome They affect 
the same character or trait but in each ca^e to a difitu-ent degree 

Examples of Genetic -environmental Relationships 

Environmental conditions ofttui influence the expression and (U'Cii limit 
the action of the genotype. Although the genotype cannot act in the aii'ence 
of .suitable environmental factor.s. the infltit'nct' ot de < nfiroh/itf nl. hnwec'er 
favorable it may be, cannot cj'ccfd the pott nflahtu'.^ of tin ijinof.ip, , (bene- can 
act only within the limitations imposed by their environmiatt. ('onver-ely, 
the environment can effect organic changes only within the pntentiahtie' of 
the genotvpc. Even though genes act to condition the development of 
hereditary traits and the environment acts to modify tliem. neither genes 
nor ein'ironinent acting alone determine the pre'enee or the ab-cnce of 
characters. Rather, the trait irthi nsnlf oj an tnf( ruction hrtirerti fin hi rulitarj 
nnitr and the t nr iron nantiil /uefur-r. An excellent example of this relationship 
is touiid in maize or Indian corn. (Jne of the color mutations of this plant is 
known as cun nd. Among other cxpre."ions of the 'Un-red gene is the 
de\'elopment of red pericarp covering the grains. Plant' vdth the sun-reJ 
genotype develop red pericarp on grain' exposed to .'iinlight. while l owred 
grain.' with the same uenotvjie deca-lup |•l)!(lr!e" [.ict'iearp. h/rl , lAni,:.-. ,rtt}i 
I'trtnin him dltiU’j lattorc :n tin ir C imf ipt •i.l.n , , /• ri,:^ 'rn I. L; 'Ijino plant' 
with othoi' genotvpe.', red pericarp will in- dmeiupt-d in cincnal eat' from 
which sunlight i.s excluded, while under tlie influetiee ot 't d! i uLer genot \ pe'. 
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red pericarp is never developed regardless of the exposure to light. Thus the 
re.-^poiise of these plants to the environmental conditions of sunlight is 
definitely dependent upon specific genes in their genotypes. 

Certain genotype.-? conditioning development of chlorophyll, as well as 
anthocyanin pigments, arc also influenced by the external environment. 
C'ollin.s found a strain of barley developing chlorophyll at ordinary growing 
temperatures but at lower temperatures producing albinic plants due to lack 
of chlorophyll. This was the expression of a recessi\-e gene at colder tem- 
peratures such as prevail in a cold chamber or cold trame in the winter. 
< )nly 'pecihe strain- oi barley behave in this way: most kinds of barley 
continue to produce chlorophyll at temperatures above freezing. 

.Vlthough apparently not -o susceptible to external conditions as plants, 
animal' with certain genotypes also show the influence of environment. 
In the truit fly, I)ro.'«>pliiJii. some strains because of their genetic constitution 
tem! to develop an extra pair of legs. This feature is called reduplicated 
leg' floge found an environmental etYe<-t i.m the prodtictioii of reduplicated 
leg' in Drosophila which had developed from pupae kept at low tempera- 
ture'. The low t('mp('rature wa- found to be more cffecth'c in the production 
of th(‘ abnormality when the de\ elopiiig flies were cooled at early stages. 

The influence of cold in moditying the expression of the reces.si\-e geiio- 
tyiie for albini'in and it- alleles to be more like the dominant-colored form 
and of the blown to be like the dominant black in races of rabbits was 
repotted 111 llDo by Daijii(.-cl. .'Schultz also indicated the possibilities of 
iiiflueiiciim the pro(luciion (.if pigment in white hair of the albino by lowering 
the tempcratuie o! the luiir roots. 

Penetrance and Expressivity 

I'ixpei'iineiit' .'Ucli a- t ho'c (iiseU"cd abo\'e iiu'olving interaction' fie- 
tweCM eti'. noiiinetit and genotyjie' as well a- other pheiiomenti of e\pr(>ssioii' 
ot eeiic' h;i\-e its! to the eoiicejitioii' ot penetrance and expressivity. /-'(Oe - 
fnirw, II '//(.' '/oc/ iiiniipt. It ex[)re"e' It) pei'cenTtigC' the relationship 

bi f.u-eii iiiimbef oi ob'ci'icd phenotype' and mimber oi phmiotypes ex- 
peered Mom a xi,.p\\iedge oi geiiotypc' m\-ol\-ed Sehmalhaii'cn ha- detuied 
peiictraiee :i' the " pereeiitaae of manife'tatioii " of a mutation. To be 

'ziii/ed I’i the pht notype, mutations are ordinarily a'Siimed to lie (^-xprc'- 

-i'l'!' "T .'hi'-h inn-r be homo/ycoU' when they are reee"iv('- The 

p-pce p-pt pp! iip-ip-trtiap-e i- ti'Ually a"Pieiared with thi^ phenotypic expre."ions 
ipI I Ip Pin ii at 1 p ; ap-'iC' m lietcrozyiroti''' aiiid of ree('‘"i\-e' in honiozvtiote.'. 

Penetrance t- p-ppnipletc whcti e-cery inditfiduai earrviun a dominant 
cp-up' 'iipp-.V' I ill- Tiatr ir p p.;'d;n,pii- p.r when every individual homozygi.iii' f(.>r a 
'■( i p'"i- p' Lu ’ e 'ippi-,\- rhi- pp-'.p Trance i' redui'ci.l tvh(.n 'ppine uidit'iduals 

'■■■' he' '■ ‘h’- T’-.-e.r . Tat ; ' ktipppv' pppinpletP' pp-'netrai.p e i- 'laiwii |p\- 

z'et.pp' I pi-'u;*’"' ■ IP. I -'.p'lppi.' ipipppxi ;z:'oiip- e m.-iiiiina ' ' pp. 4'.i4- 4'.iS 

D ' p-li'ii'a-v, > .pip’pp’pp, -loplppmepi in Dup-ppiihna exemplitic' paitial or 
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reduced penetrance. About lo per cent of a population of Dro.'ophila 
homozygous for the gene determining it shows the character. Thi.s then is 
15 per cent penetrance. 

As explanations for variations in penetrance, varying interactions be- 
tween genes or between genes and environment ha\'e been sugge.'ted. Pos- 
sibly gene.s showing low penetrance have weak or unstable effects that are 
easily upset by accompanying modifying genes, while the action of genes 
with high penetrance is so strong that it is rarely block{‘d. .Vs indicated 
elsewhere ipp. 207-224 1 , some modifying genes may strengthen and others 
reduce or even inhibit the actions of other gene,-. 

Xot only may the percentage of individuals that sh(.)w a trait \'ary, but 
there may be x'ariations in the degree of its e.xpression. This phenomenon 
has been called expressivity. ( )iie well-known example of \ ariatiou in expres- 
sivity is the character of tremor in fowls. The tremor may be greater in some 
animals than in others and thus show greater expressndty. A dominant 
mutant found in a strain of mice iirotraetedly treated nith the carcinogen 
methylcholanthrenc shows in its progmiy an example of high jjeiietraiice 
with varied rxprr-^.^ivittj. 'fhe mutation invol\-e> a tail abnormality called 
pintail, the gene designated as Ft. Pintail descendant' show variability in 
tail length and shape. The heterozygi.ites vary from mice with nearly normal 
tails to animals with tails lacking twenty eir more caudal v ertebrae (ii/irn 
inay therrtorv vari/ in hath or titlu.r prut trniirr and r.cprt stiintii. rnder 'omt^ 
eireumstaiices elaborate statistical analyses are needed T(.) distinguish be- 
tween the expre.ssi\-ity of a genotype and its penetrance These variations 
may fretiuently he iiu'oh ed wlierc unexpected phenotyiiic ratiijs occur 

Expression of Genes Influenced by Internal Secretions 

In the higher animals glands situated in difterent parts of the body 
secrete chemical substances km.iwn as hormones. The hormones are eirm- 
lated by the blood or the lymph and ha\'e profound etiVct' on growth and 
de\'elopmeut. Disttirbed functioning of one or nn.ire of thc'c glands rc'ults 
in physiological and stnictural abnormalitic' of \'arving degree. The effect.s 
ot the secretions of the thyroid and j.htnitary ghuid.s. purticulaily. are now 
tairly well recognized. I.ikewise the sex hormonc'. 'crreted by the sex 
glaiids. the ovaries and te'tes. produce general body chuimes in addition to 
the commonly rei-ognizeil spxua! characteri-tic'. .\monii heiitable trait- 
nifiueuced Vjy .sex hormones arc horns in male- and their ab-etice in female' 
ot some species of animal', di-tinctive plumage of the 'exes in birds tunl 
fowl', and the presence of beard in men and the lack or it in women. 

IXHERITAXCE AXl) DEVElJ KXT oF Hni;XS IX SHEEP. 

Some breeds of sheep, as the Dor'Ct Fig S2 . ha\'e wen-dtneloped 
horn- in fmth sexes, but the horii' of femac' are s, ,rne-,\'liar 'rnaliei rbati 
thi.i-e of males. <4ther breed', a- the Shrop-hire. Southdov. n Fig '-.1 , 
(’otswold. and Suffolk, are completely hornless m both 'cxe'. In the .Merino 
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breed (Fig. 84) males have horns, and females are hornless or have only 
short knobs in place of horns. The development of horn types has been 
interpreted as dependent upon a series of three primary horn genes acting 
under the influences of sex hormones.* The gene.s involved may be desig- 
nated: (1) //' is a normally dominant gene of great potency in horn develop- 
ment; H'H' produces well-developed horn.s in both sexes, as in the Dorset 
breed, but tho.se of males developed under the stimulating influence of 
the male sex hormone are larger than those of females. (2) H is a, second 
allele of le.sser potency in horn production; HH animals have small horns 
and the.se. as in the Merino breed, develop only in males where the genotype 
acts under the horn-promoting influence of the male sex hormone. (3) The 
recc.s.sive gene of the series is h; with hh genotype both sexes are hornless as 
in Suft'olks. Southdowns. etc. Cro.s.ses between the different types of horned 
animals indicate genetic dominance of H' over H and h, with h recessive to 
both the other genes. Since Fi individuals and F.> ratios differ in the two 
sexes, it has been assumed that male and female sex hormones in sheep 
influence the development of horns in the heterozygous animals. 

In cro.'^es between the horned Dorset, H'H'. and the hornless breed as 
.Suffolk, hh. the I'l Il'h male' ha\’(' horiw because of the action of H' under 
th(' influenci' of tin* male sex hormone in the promotion of horn development. 
The Hh female', lacking the stimulating hiumone, are hornless in the 
heft'rozygou.s 'tate i Fig. S.')i. 

Table XVIII 

I.KFKI r OF IVTFRVM. .■'Fi RFTIOVi ov I ’ll F, \i ITV FIC ExPHnSSIOX I.N SliELP 


/•’j Gt nnl I pi. 


EjTiii iif hihrnal Sunluin.-- 


I‘ht Noh/pie Exprf t.iiion 
In Sheep 


\ H' II' ' '2H h ■ 1 1 1 1’} V'lologirftl cLnihfien atfectiMniy nude sex .1 horni j, 1 liurnlt ^^ in 

l^'iinonc^ m.'ilps 


\I{'H'.2II 1 \>.r I’l.y'inlnmnil (•enilitinn ntTn-ti il tiy lack nf 1 hornni. :■! hnrnlc.'.s m 
iTiaic '‘A herninnc' female.' 


TIIF IXHKlMT.VNbK OF COboK IN .VYKSHIRE CATTLE. A 
'irnilar cii'C nf 'ex-hurmnni 'timuiatiori i' repnrted in the inheritance of 
the riili.r' of Ayi'liire cattle Fig Ml In thi' breed there are two coat colors, 
a dark brown callc'd mahogany and a ciintra'ting red with characteristic 
white marking' in each ca'o. 1 he gene-i M-m condition the development of 

til ri-'.a '.leii •hi- ir.'.i ■.•:!i.er- ; i,ri;- in ei p Hf .'’itrei'-it r d a simple 

1 i.p'.ri tt . e.-r .e, , ..lei, , o,,-, , ,,, _ pf j/ p ^ «-ith 

■ ' b ■' ■' "I ■ 0 ' ga.mii'i iC *r.. g, re-, has bi en i-hangeil to 

ar.,-. : a .., ia:.lt;]i!, allttie genes 'pp. Iti.a-pili 

Pit iir.giriil -athrir' 


'In I'l 10 t h,. 

( xp! r •* en i, , 
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these colors. The genotype MM determines mahogany color in either sex, 
while min determines the contrasting red coat in either sex. The mahogany 
color is promoted by the male sex hormone. Thus, all heterozygous males. 
Mm, are mahogany color and all heterozygous females, also Mm. are red. 

Table XIX 

Effect of Intehxat, .Secretion-^ ox Phexotypic Expre.ssiox ix Cattle 


I _ Gt not'i jj*. ■ Elbeet of I ntei ftal Set fetionb FlLeiLOt[lptr Expression 


Physiological condition affected by male .1 mahogany. 1 red in 
iiex hormone niale.s 

i.M M :2M nrAniiii Pliy.siologieal condition affected by lack of 1 mahogany, d redin 
m.ale sex hormone fcmale.^i 


OTHFR Ef'FKt’TS OF HORMOXE.^. Hormones other than sex 
hormones are also factors in the development of heritable characteristics. In a 
study with rabbits, Il.jin found that the quantity of the hormone of the 
thyroid gland in the blood changed the quality of the hair in density, length, 
and color. .\n optimum amount of thyroid hormone would produce the best 
r[uality of fur. Reflucing the amount of hormone, as in thyroidectomy, that 
is, the rt'moval of the thyroid irland, caused a darkening of the hair. Increas- 
ing the amount of the hormone caused the hair to tiecome lighter. There 
were also some temperature effects. Fei.’ding thyroid to rabbits kept at 
temperatures from 18“ to 21° cau-ed dark hair To come in white, while at 
slightly higher temiieratun's. depiumentation was less. 

Lethal Genes 

The very life of any i.irgani-iu is dependent upon the products of heredi- 
tary factors which influeiicc bu'ic \-iral fuiictiotis. Of uece.s.sity. if the species 
i,' to 'iir\ i\ e. --tich hereditary factor- mu-t remain stable from generation to 
generation. Any change- in the fundamental hereditary basis which seriously 
interfere with the \ital funeti<in' of an organism will ((uickly result in ir- 
eliminatioii. ( ienes which act in -uch a manner as to cau.se the death of the 
indicidua! ai'c termed lethal, that i-, death-dealing factors. Oiten their 
pi't-ciice may he -n-pected in populatioii- in which phenotypic ratio.s \'ary 
from the noi'inai. Although death of the urgaaisni is generally the mu-t 
coiispicuou- and the niosr imporrant expjre— icjti of lethal faetur.-, fre(iuently 
it i- not their only etiei-t Many diver-o eharaef eri-tic- of Ixjily in aiiimal.- 
are influetwer! by gene- lu hetcro/ygutcs which have a lethal effect in the 
homozygou- -fate, 

l.etha! geiie- u-tiai'y cxnre-- rheui-eb.-e- >‘arly in the in'e of the entinvo. 
bur some fit them lu'c tion ,ai praeticallv anv -tage of the lile evele of organ- 
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i.sms from gametes to maturity. Lethal genes are known which have their 
effect apparently entirely in the haploid structure.s. Thu.s. some lethal gene.'^ 
eliminate a portion of the gametes if they occur in the gametic complement 
of genes. IMany plants carry lethal genes which cause pollen grains or pollen 
tube.s to become functionless and result in male sterility. Their presence 
has been demonstrated in numerous cases of abnormal phenotypic raticjs 
as in the evening primrose, Ocnoflura. In maize. Beadle reported 15 genes 
which condition degeneration of the micro.sporocytes or of the pollen grains. 
Heilborn, from a study of pollen sterility in certain apple varieties, con- 
cluded that the abortion of pollen grains in many of these diploid apples 
depends on lethal gene comt)iuations. Buchholz and Blakeslee reported a 
gene which conditions the bursting of a high percentage of pollen tubes 
within the styles of some varietal Datura hybrids and proposed this ex- 
planation for the deficiency of recessive phenotypes. 

Other lethal genes indicate their presence by unfavorable developments 
in the diploid structures, generally early in the embryonic stages, lustancc.s 
are known, however, in which death due to tlu' action of lethal genes does 
not ensue until later stages. Some of the known lethal genes show their 
effects only in the homozygous state, but Mangebdorf .s investigations of 
some of them in corn indicate a weakening effect even in the heterozygous 
state. Though full dominance of the lethal genes tends to result in the com- 
plete destruction of any stock carrying them, dominant lethal genes have 
been discovered in organisms which have been carefully analyzed. 

LETHAL GENES IN PLANTS. Genes conditioning the development 
of chlorophyll or it.s lack in plants include excelleut examples of lethal genes. 
Since production of carbohydrates depends upon the presence of chloroithyll, 
genes which condition the lack of chlorophyll may hat'e lethal effects. Some 
strains of the cultivated snapdragon. Antirrhinxni nKijx-i. produce a ycliow- 
ish-greeu type of plant calk'd ijohh n as well as fully au'Cn plants i Fig. 87 ■. 
It the genes (t-ij condition the cc.intra.sting characters normal green and non- 

Tahh XX 

I.ETHM, (tENES IN .s.\ i I'b K.\.( ,i i \ - 


(l«Ti<)ry|)r ■ G( / 


( toIi jf-n X ^ 


Go 


Advn 
Go H< 

(r, ■ 


PIhhh ityj)G : 1 L'n-t-n 


2 


1 \> 


areen '.or yellow i. the heterozygous golden plant' will ha’.e the genetic 
coii'titution (rtj. Following hybridization of two heter<»/,ygous golden plants, 
be X Gu. or sclnng of a golilen plant. G;/, the iv-nltimr tjenotypic ratio i- 
expected to be However, .since the members of one cla" of homozy- 

gous plants, the yellow seedlings, ijg. die hecau'e oi lack of ehlorophyll. 
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the final living phenotypic ratio is two golden plants. Gg. to one green, GG. 
a 2 ; 1 phenotypic ratio resulting from the lethal effect of the genotype gg. 
Lethal genes of this type exist only in the heterozygous state and are trans- 
mitted onh' by heterozygous plants as the golden. Gg. type of snapdragon. 


Heterozygous ^ Heterozygous 

Golden Snapdragon Golden Snapdragon 




Gametes from 
Heterozygous 


Plants 


Mole 




GG 

Gg 

normol 

heterozy.goos 

green plont 

golden plants 

Gg 

gg 

heterozy gous 

plant locks 
chlorophyll 

golden plant 

hence it dies 
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( "Ii’a il'i iphyi! iliTi 
a larut' nurubcr ot 
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have licen u-jimtAd 
pianr-. viaIi i'.v a’ Fi v 
dcvi’ii ipnnc.r > n i ii'i 
m »T iitM t*";! ! I ,y li, 

the ct'lN (dr inav .ert 


.If.' \a-iy c.irnmim in phmtA. In rum. e.-pecially, 
ui 'i'’- 1- niHMAn to iiitlui-!ii-i- i-liln! 1 iph\'ll development, 
ale cihai Ini ss , luheritcd i -hlui i jphyll deficiencies 
in 'Hiahnni .md in rice in wlacli twu type^ of deficient 

tiiit'. tiiiU :«! ]( )ii'' ((I 't iii^ 

rwithy. - 1 .) mmT . .tinplt r.-ly irLhittu it- production and are 
;■ Millar, Hi.- may r..duce the amount of chlornphyll in 
'■r if- lii-’^ii'tiuTiHii ill the ri-Aue-. Plant- showing various 
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Fig. SS. Albino and Gklln Sledlino- of Zla main in Gkllnhul^l at Bucknlll 

rNIVLIi'ITV. 

( f’oui'tf-^y. (’. iZ Knopf.') 

degrees of yellowing or variegation may develop enough chlorophyll for 
survival. 

LETILAL GEXES IX’ AXESEAES. A'limerous cases of lethal genes 
have been repi.irtod in animals. Besides tho.se found in the fruit fly. Droao- 
phila, lethals have been reported in cattle, fowls, and other animals, includ- 
ing man. 

Lethality in A'ellow Mice. One of the earliest observations of lethal 
genes in animals was reported by Ctuhiot in yellow mice and later confirmed 
by Castle and Little. Yellow mice never bred true for color and always 
produced smaller litters than other mice. Offspring were found to occur in 
the unexpected ratio of 2 yellow:! black, with no true-breeding yellow 
types. Investigation of the embryonic development of yellow and normal 
mice revealed that a certain proportion of zyaotes of yellow mice failed to 
survive the time of implantation in the uterus. 

It is assumed that the gt'in's are involved in the development of 
yellow and black mice.’’ The 1' itene ha- two effects. (Int* conditions the 
development of yellow coat in mice. The -econd is a lethal effect in homozy- 
gous }'}' embryos. The heterozygous -rate. Tv. produces living yellow mice. 

* Actnally these genes :t.’’e iiicrui'.T' of the agouti multiple allelic series and are 
properly designated as -1''— a uj. . 
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Mice with yy. are black. In 1942 Robertson reported on his investigations of 
histological and physiological effects of the Y gene. According to this study, 
the specific effect of the gene is to stop enzyme activity in homozygous YY 
embryos at about the fifth day of their development. As a result, these 
embryos die and disintegrate. The proportion of zygotes lost was approxi- 
mately that expected in the mis.sing homozygotic class. Xo such loss was 
found in normal mice used as che<‘ks. 

Tabu XXI 

I.r.Tii.u. (.'rEXEs IX Mice 

F- Ginnti/jji }'}' ‘ Yu Yy ijy 

t'nliir I'clatiim'hip uiiktiowii ' 2 yt'lluw 1 black 

I.i'tlial cHVct 1 flics :-) survive 


l.KTHM.iTY IN Dextf.r C.vttle. .Vu itustanco of lethal factors in cattle 
is fouiul in the Dexter breed of the Briti.sh Islands. The Dexter is a breed of 
small-sized cattle which originated by mutation from the Kerry, a breed of 
normal size. M'hen Dexter is mated to Dexter, the offspring consist of one 
malformed embryo which i.' called ''bulldog" on account of its facial de- 
formities and i.' always born dead, two typical Dextef', and one normal- 
sized iiidi\'iduul of the Kerry breed. This beluu'ior is explained on the as- 
sumption that the Dexter^ are heterozygous. Dil. for a pair of factors which 
hat'C a lethal effect in the homozygous condition, dil (Fig. Sffn The 
normal-sized Kerry can be iiiterpreteil as being the homozygous dominant, 
Dl). 

Lf.tiim.ity in CT.r.itpr.u Fowls, The creeper t.vpe of fowls, so called 
because of the creeping type of loi-oniotion necc's-itated b.v the characteristic- 
allv short legs and wing-, never breeds true. The result of mating creeper 
X creeper is the production oi two classes of fowls, in the ratio of two 
creepers to one normal. in the yellow mice, there is a deticiency in the 
number of individual' in the creeper class with a percentage of the eggs 
always failing to hatch. 

I.aiidauer. when he investigated the embrvunic development in eggs 
produced by marina creeper x i-reeper fowl', found that about one-fourth 
of the egas showed embivos with ilehnitely arrested development. Ap- 
parcntlv in mo't of the-e eau'. the ernlirvo' cea-ed dctolopiug about 72 
hours after iui ubatiou had 'Taiti-d In rare instances tcry poorly deieloped 
('mbrvo,' '.vei’e found alive until nearl,v hatchum time Iil the't', tla^ ex- 
Trenruies 'bo’veil alTe-t.-ii d,.-'. ,■iop!nellr coiujiareii vifh normal embrvo' 
The aeni-'C' ol die cr.-.-p,.! to-,.-, ii,:,y i,,- interpreted on the bu'is of the 
action ot a 'inaie pan of tacrors t p-rp Table XXII . 
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Tahh XXII 

Lethal Genes in Creeper Fowls 


Creeper X Creeper 

Heterozygous Cpi p C pep Heterozygous 

Genotype P Lpep i'pep ' pep 


Phenotype 


1 dies 


2 creeper 1 normal 


Evidently the genes concerned in the development of Dexter cattle and 
creeper fowls condition skeletal characteristics. In one homozygous class 
the skeleton is so imperfectly developed that the individuals die, while in 


Heterozygous 

Dexter 

Dd 


Heterozygous 

Dexter 

Dd 


(^^d'^Two Kinds of GQmete/^^~^ 




from Dexter 





Gometes 



Female 


Mole 





DD 

Dd 

normal 

heterozygous 

Kerry Type 

Dexter Type 

Dd 

dd 

heterozygous 

embryo dies 
homozygous 
recessive hos 

Dexter Type 

lethal effect 


Fig. sit Di.AGR.cM gf Inhlf.it.ani k gf .a F.air gf Lethal Gene-' i.\ the Kekrt- 

Dexi ek Breed of ( .attle. 


the other homozygous clas- the skeleton is normal. Since the genes are 
incompletely dominant, the members of th<‘ heterozygous rla<' appear with 
partialh’ dcAeloped. deiectice 'keleton^ and are thu-^ intermediate between 
the e.xtremelv defecti\ e. non\'iable homozygoU' and the normal homozygous 
classes. 
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Ta}jle XXIII 

Hereditary Lethal axd Sublethal Characters 


Oryu liism 

Ei tde/ict of Defect 

1 

Author \ 

Year 

Cattle 

Di niopliila 

Hairless and amputated 

I Lethal 

Cell lethal 

iDei reaseel h-rtility in females 

Mohr & tAriedt 
Demerec A Hoover 

192S 

1939 

Horse 

Intestinal malioimation 

Yaniane 

1927 

Aluize 

Defective s^-eds 

J ones 

1920 

Cattle 

.shoit 'pinc 

Mohr eV Wriedt i 

1930 

-Mouse 

Dominant spotting 

Keeler 

1931 

Dog 

Pa I a lysis 

' .stoekard 

1930 

Fuw 1 

l.mhivouic abnormalities 

( Lpp 

1934 

liarloy 

Lethal 

M'lebe i 

1934 

Ilice 

(, 'hli Tuphyll defteieiicy 

Codd ; 

1935 

( 'otTon 

( 'll loiM iphy 11 rlehr icney 

, Bizzell 

1925 

Mutthmln 

Caiiietic lethal 

Kuhn I 

1935 

.Maize 

iDaik 

Dormaney and premature germination 

Mangelsdorf 

1930 

( 'oirii'h 

IFow 1 

.shortening of long hones 

Landauer 

1935 


I.K’rifAl.l r\ IN ^AI{I()lS ORdAXISMS. Lethal facters continue 
to he t'liunil in a \’:iTiety ot organism' where they are often carried in the 
hetcrirwiii lU' 'Tatf a'' recf<'i\’e,'. Any hreetling program wliich u.'es inbreefl- 
ina:, or maiiiig oi rlo'cly related orsiani.'m'. tends to increase the homozygos- 
ity ni the hereditary units. In some rase,' the heterozygou.' reces'U'e lethal 
erne' luav he .'eureuatei-i as homo/.ygou,s reces'ives and may manifest their 
lethality .\. iniiuher of letlial gene^ has heen fuuiid in dome.stic animals and 
culti\-ated platit' 

TnhI. XXIV 

NeniiLK m LErHAi, Fai Iaxowv in Common- Farm Animals 


H i.os; 

D'/.o'. Cr;,; 

Ca'tle 11 

Cattle ■>.") 

Hor'es 2 

Hor-se-s 7 

lie 1 

SV. me 0 

''ht'f r* ♦» 

>rierp 7 


rowl- in 

i 

Dlieks 1 


Turkt V' 2 


1. 1, 1 HAL < il.XLS IX HI IM.VX BP.lXtiS There i' growing evidence 
that rn'it.i'it c,' ’;" ’'AtIi l-rhal eltect' orrur in human beings. X'limerotis 
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unusual cases of fatal abnormalities in man are attributed to so-called sub- 
lethal genes. Such genes permit life to continue for a period but cause 
developments vhich sooner or later terminate fatally. Among these are a 
recessive nervous ailment expressing itself in night blindness: the develop- 
ment of leatherlike skin. Ichthi/osis congenita, which is attended by the 
formation of cancerous growths u.sually fatal liy the twelfth year; an infantile 
hereditary form of spinal progre.ssive muscle atrophy; homoi;ygous spi/ia 
hifida: and possibly homozygous hemophilia. Certain types of dwarfism in 
man apparently are comparable to the conditions found in Dexter cattle 
and creeper fowls. 

Multiple Alleles 

In rodents, cats, other atiimals, and in some plants, there are groups of 
genetically related color variations. Rabbits show the full-colortal types 



C Hiin.alayan 1> AIimiki 

Fig. 90. Ai iiox of AIuliipli: Allli.l- i.\ Ikiinui-. 

(Couite>y. C'lyilc Kcelf-r and Vugiiiia t'nfifi. imni J Ih r.itit,, i 

black, brown, the well-known gray or ngonft, and the pink-eyed albnio. 
which entirely lack.- ])i<inu*nt> u-ually pre.-eiit in eye- and lur of the l olorod 
animal.'. The complete albino type i- found in a breed kno',vn a- the Poli-h. 
Be'ide' the full-colored type.' and the albino mutati(jn. there are .-orne isiter- 
mediate color variations in thi' serie'. < )ne kind of rabbit called i.hinchilla 

‘.V < in of p-ein lo.iUcic- cun bi round on p.ige 24._). 
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is a light or sih er gray iFig. 90 1 as distinguished from the ordinary dark- 
gray rabbit. Among chinchilla type.s the variations are of three heritable 
type.s, dark, intermediate, and light. Another variation in colored forms is 
the Himalayan, tvhich approaches the albino in being white with pink eyes 
but has some colored points. 

Crossing among these animals indicates that any color is dominant to 
the albino and that there is a regular se(iuence of dominance and recessive- 
iiess in which the more deeply colored types are dominant to those "of lighter 
or less color, as follows. 

Dumixa.m TypK' IiJ:.cK',sr/i; Types Fi Gexer.ytiox F: R.vrio 

Any fnll-colorcrl type, X chnichilla. silver gray all full-colored 3 full-colored: 

black, brown, or gra\ 1 cliinchilla 

ehinchilla, silver gray X Hinudayan. white with all chinchilla 3 chinchilla: 

black point,' 1 Himalayan 

tliiiialayan, white with X albiiio, entirely white all Himalayan Himala\'an: 

blaek point' with pink eye.' 1 albino 

albirin X albino all .albino all albino 


The above cro'.'es. all yielding an F- ratio of 3:1. indicate that the difference 
between any two types is determined by a single pair of allelic genes. Since 
crosses between any two of the types yield the 3:1 ratio, there is indication 
of an allelic relationship between all of the various pairs of genes differenti- 
ating the color types. 

AI.I.Fl.ES ( )F TH F. RASU'-C( >!.( )K (.lEXE. It may be recalled that in 
rabbits and other rodents color and albinism are determined by the pair of 
allelic genes C-r. Colored rabbirs ot all types carry the genes t'C, or Cc. in 
their genotypes, and the albino \-ariation carries tc. Full coloration in normal 
or wild-type animah is determined by the dominant gene C. The albino type 
arose a.s a mutatioii. that i'. a moditiraf ion or change in the gene (' to form 
a new gene. c. ihe mnianr gene. c. and the normal gene, C, then are alleles. 
1 Jif ! ( hi ji/ilhi/ iti'ifiiiiijti-<tjt uiiji ijii'i/i loci/'^ iH 0 ch ro . A gene mav 
midnti u Hirviid time, forming three gone' that are allelic, or it may mutak 
fttnrnl or many Tinio', tlni' lorminii a serie.' known us multiple alleles. The 
term multiple allelism do'imiate' the concept of multiple alleles, Dawson 
and A hitehou'e in England propo'C the term panallele to cover all gene 
mutation' at a given locu' in a chromo'ome, C.enc' determining thi' whole 
color 'cric' in the ral.bit'. the three 'hadc' of ehinchilla, the Himalayan, 
and the alliino tliii' aro'e a- muTation' of the ba'ic-cnlor gene (' and are all 
allelic one to another 


(_)nly one gene ran exi-r ;it any one i.M-n' of a chromosume: its allele is 
carried at the identical be n- in the (uhe! member of the pair ot homologou' 
chromo'omes, loir rffi' n-a'oii any diploid orgatii'm may carrv anv two 


gene,', i'ur no mom than rv.o. i,i g 
mnltipie allelic 'crif ' are 'iniilar in t 


niuAiple tdlehc 'eiTos, '['he genes of a 
V o di'rinct way-, i 1 , thev are all allelic 


one with another hecan',. He-y oro'o at the 'ame locU' hy mutation and 2 
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they all influence the development of the same characteristic but in slightly 
different ways and generally to a different degree. 

Although they affect the same trait, the various genes of an allelic series 
are characterized by different manifestaiioiis or degree of influence in the 
development of the trait. As Sturtevant says, they are carrying on the same 
function but with varying degree.s of efficiency. Or on the analogy of a lock 
and key, they are keys to the same lock hut the different keys of the same 
series do not fit equally well. 

In the development of colors, genes act in some way to control the 
various steps in a chemical reaction (Chapter 21 1 . Perhaps each gene forms 
an enzyme that promotes or influences a particular .step, possibly an o.xida- 
tion reaction, in a complicated chemical process. Production of color in the 
hair of animals is the result of several distinct steps in a chemical pro{-ess. 
Each of the various genes c‘'. c". c influences some or all of tlie reaction 
Steps to produce one of the color tc'pes of the series Apparently the domi- 
nant gene C, at the head of the multiple allelic series, can form the necessary 
enzyme to carry on the essential reaction step or step' in the chemical 
process leading to full coloration. The action of the c' gene determines the 
production of some color in the fur. The chinchilla rabbit has white-tipped 
hairs in the fur and eyes which are red mot pink as in the albinoi. The white- 
tipped fur gives chinchillas a silver-gray color in contrast with tin,’ dark gray 
of the wild rabbit which has black-tipped hairs m thi' fur Three distinct 
types of chinchilla rabbit ha\-e been found, dark, intermediate, and pale. 
The genes controlling the three types arc c'k and c'*-k respectively. 
The chinchilla genes 1 3 may be thought of as binng less efficient in pigment 
formation than the dominant t' gene. 'I'he Himalayan rabbit, with white fur 
and pink eyes, approaches the complete albino but differs from it chiefly in 
having colored hair on the extremities, the feet, ears, and generally the 
nose and tail. These colored points distinguish the Himalayan from a true 
albino. The Himalayan gene c" acts with less efficiency than the chinchilla 
gene c''"' but with greater efficiency in pigment production than the albino 
gene c. that tletermines absence of color. The basi(;-colui' genes in rabbits 
oc(’ur in a multiple allelic series of si.x forms; 

C- -determining full color 

c'"' determining dark chinchilla 

determining intermediare chinchilla 
r"' determining pale chinchilla 
c" determining Himalayan 
r- determining complete albinism. 

SeGRECtATION .tND RKCriMBIN.VTIoN OF Mvi.III'LE Al.I.ELEs. .''iiice a 
normal gamete carries one member of a multiple allelic sene-, the union of 
two gametes brings only two genes o; an allelic -erics together in the diploid 
zygote ff'hese two members may be any po-.-iblc combiuaiion of the gtaic'- 
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of the series. The other members of the allelic series may be found in various 
eombiiiatioii.s. one or two kinds in other individuals. 

In earlier discussions of iSIendelian principles, it was shown that an 
F-i generation was composed of homozygous-dominant, heterozygous, and 
homozygous-recessive individuals (pp. 48-66). Following a cross between 
a full-colored black rabbit. CC\ and the Polish complete albino, cc. the Fi 
is Cc and the F; irr;2rc:lcc. The principles of segregation and recom- 
V)ination underlying the production of this ratio would be applicable to 
crosses between any other two types of that series. A cross between the 
Himalayan white rabbit, c"c", and the complete albino, cc. will produce an 
Fi with the genotype c"c. The F 2 will consist of lc‘^c^ :2c^c :lcc. Similarly, 
a cro'< between chinchilla rabbit. and the Himalayan white, c"c". will 

produce an F i with the genotype The F -2 following this cross will 

consi't of lt’"c". Crosses involving the allelic types of any 

other allelic series behave genetically in a similar manner. The appearance 
of the Fi and Fj indi\-iduals will depend upon the degree of dominance, 
complete or partial, of the genes involved in each case. 

C(.)L(.)R-GElSE ALLELES IX THE CAT. iMutation of the basic-color 
gene to form a multiple allelic series has occurred in the cat, where some of 
the color variation.-^ are dmilar to those in rabbits. In cats full coloration, a.s 



Silver Siamese 


‘ ( ' 1 ' -'ll' iWIXt. I tF'a : - MtL ! il'EL ALLKLL" 
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in the Persian black and other black breeds, is determined bj' the dominant 
basic-color gene C. There is a type known as silver or smoke, which 

corresponds closely to chinchilla of rabbits. Besides these there i:^ an albini.— 
tic type known as the Siamese breed, c“c‘‘. This near albino has a white coat 
with some slight pigmentation in the hair over the body. It has darkly 
pigmented feet, tail tip. ears, and face. The eyes show only a little red (not 
pink). The Siamese cat corresponds to the Himalayan white in rabbits 
(Fig. 91). The multiple allelic series of the color genes in cats consists of four 
alleles of the basic-color gene, each determining a \-ariation. In the order of 
decreasing pigmentation, these color variations are; 

full coloration, C — expressed in the tabby and black 
silver or smoke, c"' — expressed in a rather uniform reduction in cnlor 
Burmese, — expressed in further reduction in color 

Siamese, c® — expressed in a type approaching the albino, 

white coat. 

A possible variation between Burmese and Siamese has been described bv 
L. Volk. 

DESIGNATION OF THE MEMBERS OF A MULTIPLE ALLELIU 
SERIES. "With the di scovery of multiple alleles in dit'erse orgaiii>ms, 
investigators have used several different ways of designating the members of 
the series. As shown in the .series in rabbits and cats, the gene designation 
often indicates the characteristic determined. With U indicating color and 
c lack of color, genes intermediate in the series are designated c", indicating 
chinchilla, and c“ , Himalayan. In other examples of multiple alleli-m, the 
designation of the genes of the series is by figures following the gene initial 
as a-1, a-2. a-3, etc., or by letters as ni-n, ni-b. m-r. etc., in the onler of their 
discovery in each case. 

MULTIPLE ALLELI.<M IN OTHER ORGANISMS. Resides tl.e eviniulcs 
mentioned in rabbits anil cats, multijile allelism has been found in numcr.iU' other 
inammaLs. in insects, and in plants, Tlie basic ]innc-!ple-- aie t!ie same in all casts 
and need not be further discussed. Among the numerous seiics kimwn, tic lollnv.iiig 
may be cited. 

The agouti alleles in mice: 

Ai-. the lethal yellow gene 
A. the agouti gene determining gray 
A’*, the vhite-belly agouti or gray 
At the black and tan 
a. the nonagoiiti or iiungray. 

iMultiple allelism in domestic animals: 

black, black and tan in dogs; dun. palomino, and bay in l.orsfs a.re pro'nabiy 
alleles: blood grout,\s in cuttle are determincil by multiple aiieics ,v.th p'.--d.ly 
as many as SO different alleles in the senes dcterminiiig blijoil-i'cil t-lmnc to'csTc-s; 
blood types of human beings are uell-kiitiw ii examples of multiple alUi -m- -ce 
section on human heredity,-. 
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Tlie multiple allelic series in tlie Drosophila; 

At 1.5 on the X chromosome, the locus (rl the gene determining white ej’e in the 
fruit fly, there is an extensive series oi multiple alleles: 

ir, conilitioninsi wild-type red-eye color 
If", apricot 
ir . coral 

If', eosin and many others to 
w. detenniniiui white eye. 

^Multiple allelism in plants 

Of the numerous instances of multiple allelic series in plants, pericarp colors in 
Indian corn or maize have been carefully studied by Anderson. The genes of the 
allelic series influence pericarj) color of the grains and cob color of the ear. Some ol 
the designations are : 

p". determining led cob and red pericarp 
p". determining red cob and colorless pericarp 
p““', detei milling white cob and white pericarp with several 
others included. 

Questions and Problems 

1. What are heteditary facti.rs'’ What are environmental factors? Why are both 
type.s of factoi' essential in the development of the chaiactenstics of living 
organisms? 

2. What environmental factois appear to influence the jiroduction of color in 
jilaiits? N It possible to disiegaril heiedity completely in accounting for the 
development ol colui in plants? 

3. Indicate the influence of changes m teinpeiature in the production of color in 
tlie coats ol animals, 

-1. What are hoiniones in amiiial-? 

5. What exjienmeiital evid.em-e i.s theie to indicate the influence of the thyroid 
hoimone on the fui oi animals? 

ti. What do y( ,11 undei -tand by tlic term h thnl ip tu ' How do lethal genes originate? 

7. At what ,'tage in the life cy, le do letlud gelle^ geiioially manifest themselve.s? 
Are they known at .U'.y other stages? Which ouc'? 

S. Wliat i' a common effect of lethal geiie~ in pl.ints? Why do genes , onditioning 
the lack .,t ci.loroph vli have a lethal enect in plant''’ At what .'tage in the life 
cycle of the plint 'ho - de.itl; ic'Ult lioui i-hlorophyll deticiency? 

9. At what 'tage- ii, the lire eyrie of inihvidua!' do the lethal genes inaiiife't them- 
'el VC' in 1 )e\ter rattle yrlloA mi, e ,ind rieeper f, ■>'. b'’ 

bh Are lethal gene' ve^ai'ii'ii a' o! rieijuent rmirnee in diuiii'-tir animals ami in 
man? Aie they numeioU' in eMiei ii.iental oigani-iU'? Cite s,,me install, es. 

n. As'Uming a 'iniile e\i,lanat;iin Ici'e,! uiioii a 'ingle paii ,_ir genes, ,lemon- 

strate the I' and 1 _ le'U.t' n.llow.ng i-oi'-r-, between the IcriiPil ami the h,ri n- 

le'S bleed' ~:.erp By the U'r- '.£ 'liaglalns ami , ll'Cii"!, ,!i. 'hou the ielatloll ol 

the sex h, ■! i!.oi,,'s to ti.e pioiim tioii ,a: hinns ami i,, a nie"ne's in slieep. 

12. By the d,.ig:a::.' d.', U'snm, imln-ate the u-latnin oi the 'Cx liormoiips 


t' ' tl'H' 1 '1 < 

mIi;. r; a. . ■- le-l 

■ tm: mair.gany l'r,jwn 

in the '■ 

oioord aieas of Aynsliire 



.'•tv.ron r tny and 

rf'i 


13. Diimritiii 
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Ts < ,, t be I 

h ■] 
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14. By diagrams and disciis.^ion, explain the results of mating two yellow mice. Em- 
phasize the action of the genes. Note that in this case the parents are het- 
erozygous. 

15. By diagrams and discussion, explain the results of mating male and female De.xter 
cattle. Empha.size the action of the genes. 

16. By diagrams and discussion, explain the results of mating male and female creeper 
fowls. Emphasize the action of the factors. 

Dat.x ox Multiple Alleles 

Certain colors in mbbits are conditioned by an allelic series of the basic-color 
genes. These are: 

C, the dominant gene conditioning full coloration as black 
I lark chinchilla 
intei mediate chinchilla 
])ale chinchilla 
c”. Himalayan albino 

c. complete albino, known as the Polish breed. 

17. Describe phenotypic types and ratios expected in the Fi and F-. generation of 
the following direct crosses between homozygous rabbits: 

black X albino Himalayan X albino 

dark chinchilla X Himalayan dark chinchilla X albino 

black X Himalayan dark chinchilla X pale chinchilla. 

bS. Describe the results expected in the immediate piogeny ol the following crosses; 

Cc X cc X (•'■'■c'" 

Cr“ X cc X 

Cc'^XCc’^ r-'‘cXc"c. 

19. Where aie some of the most extensive series of multiple allele.' found? 

20. How many genes of a multiple .allelic 'Cries may a normal hajiloid gamete carry? 

21 . How many genes of a multiple allelic .series may a normal diploid organism carry 

if it is homozygous? If licterozygous? 

22. Ltescrabe some of the plienotypic effects of nuilti])le allelic genes in the variou' 
oigaiiisms in which tliet' are known. 

26. What is the dominant-recessive relationship in a multiple allelic series? 
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chapter 10 


Interaction of Genes in Development — Complementary 
and Supplementary Actions 


As a hack, ground for this discussion, Mpiidelian heredity may be briefly 
reviewed under Two headings. 

I. TMK PHYSICAL BASIS OF HKRFDITV. Mendel formulated 
the fundamental idea of independent hereditary units existing in pairs. 
Without actual knowledgi* of the chromosomes and their behavior during 
meinsis and fertili/.ation. he tiffered an (‘xplaiiatiou of heredity based upon a 
liyjiothe.'i- of the se.gregatioii, ass<jrtmenr. and recombination of independ- 
ent dfUerminer' 111- explanation e^sentiidly anticipated knowledge of the 
acttud chromo'ome behavior at critical point.s in the life cycle of organisms. 
The fundamental features of Mcndeliaii principle.s of heredity are; [1 \ 

Intii'i I '/ lit III ri ilifarii ii n ifi^ or iji. ni'a. orrii rriny in pairs, independent 

sijjri ijnfiiiii of thr r/ii iiihi oi ifirh pa I r eif ip ne s. and (,Ji recomhination of the 
In n ihfiir,, unit,-, Ilf fi rtili:iitiOii . I'heso principle- remain permanent founda- 
tion -tone- of all modern theories of heredity ITie physical basis is con- 
tiuuou'ly opcrati\-e and niu-t be taken into account in all such studies. 

II. THK .\CTK)\ AXl) IXTKBACTIOX OF THE OEXES. .4 
limn iiiiuit-ri I'l .s^ir, ri lotioio'lii p i.ri.iit'i hitiriin the menihtr.i oj inch pair ot 
iillihr iiiiiii. Dominance may be complete in -ome instances and only 
panial or inci uuplct c in otlmr-. The dominant and rece-sive relationship is 
fundamental and c-'cntially l•llll'tanT with each pair of genes, regardle.-s of 
the po— ible iniciactioiis of the oene- (if one pair with the members of other 
pair- of ullcie- Meicjel kue',\ only the -impler aspects of gene action. It 
ha~. therefore, been nece-'ury to expaial the original conception of the 
deTeriui'nnc ai tion oi u,eiic- in order to interpret new data properly. In- 
t e-tigatioii- -ince Mcuilei'- time have indii ated that aine,i hnie divirsi 
iii'tirni, and that i'm rr nni i in inti rnetion Intu'iiii ini inln r.i of sen ral iliffinnt 
pair;. III iiihies. 

Inheritance of Flower Color in the Sweet Pea Genes with Com- 
plementary Action 

Bate-nil. ihe Br;t;-h aen.cti.-i-’^, wa.- the Sir.-r to report a case of a di- 
hybriil ratio which did not conform to Mendelian expectations. He had in 




COMPLEMEXTAEY AXD SUPPLEilEXTARY ACTIOXS 


203 


his rultures two true-breeding white-flowered varieties of sweet peas which 
differed in the shape of the pollen grains, one producing spherical and the 
other ovoid pollen grains. In hybridizing these two white-flowered \'aneties 
of sweet peas, incident to a study of the inheritance of shape in pollen grains, 
Bateson found to his astonishment that the Fi hybrid plant produced 
colored flowers. The F; generation consisted of two phenotypic classes, 
colored- and white-flowered, in the ratio of !):7, which was a modification of 
the expected dihybrid Fi ratio of 9:3 :3 : 1 (Fig. 92 1 . Bateson assumed differ- 
ent genotypes in the two white-flowered plants, one with the dominant genes 
CC\ the other with the dominant alleles ot a second pair. EE. and each 
variety with the alternate homozygous reccssi\'e. The full genotypes for the 
parent varieties were ('Crr and ccEE. respectiveh', and f(jr the Fi hybrid 
between them, CcEr. It was further assumed that the genes (' and E inttrad 
and that the presence of both is isstntiol for the prod act iu/i of color in the 
flowers. Thi.s type of interaction is called cotnple nuntarij oction. that is. the 
action of each gene complements or completes the action of th(> other. (' and 
E may he regarded as basic-color genes with comjtlementary action. Com- 
plementary action, however, is not restricted to basic-color genes but may 
occur in any type of gene. 

Inheritance of Aleurone Color in Corn Grains 

East and Hayes, working (jn inheritance of characterisiics of Indian corn, 
reported a similar type of inheritance of color in the aleurone layer of the 
seeds. In hybridizations between two varieties ot white-grained maize or 
between plants with red aleurone and some \-arieties of whitf' corn, the F: 
ratio was 9 colored:? white grains, rather than the 9:3:3: 1 ratio expected in 
dihybrids. The aleurone colors in maize. like the flower colors in sweet peas, 
were assumed to be dependent upon the interaction of two pair.- of ba.'ic 
genes, C-c and R-r. with the two dominant alldcs having comphno ntan/ 
action. When the dominant genes (' and E are toaether in a genotype, color 
in the aleurone layer of the grains is {)ri)duced. When the homuzyguU' 
recessive of either pair is present in the genotyj.ie. as cc or rr. no color is 
developed in the aleurone tissue. 

Crossing a variety of corn. CCEE. with colored grains and a variety, 
cerr. with white grains resulted in the <le\'eloj>ment of Fi plants. CcEr. 
Segregation and assortment of the two pair- of genes t'-,- ^mil E-r resultixl in 
the production of four type.s of megasi>ore' and micro.'jjorp' and eventually 
gametes CE. cE. Cr. and cr. Following 'elt-pollination, the genes were 
recombined at fertilization according to Wendelian expectatimis, hut because 
of the complementanj action of the genes ( ' and E . t he F i plant yieidt-d coli )red 
and white grains in the ratio of 9 colored tc) 7 white.' (dins-iug otht r \ ai ieTies 

* It sb.ould be empha^izcd that th'- ahui'jiie lay. i ;i; th.- ..orii giaili a s- ed tis-ue 
.ts sjirh It .sho\v.s segregation in th. seeds pri.de.(.'d t.y the I ; plain pp -!2, st, .s.ieti 
seeds are Fj. 
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ACTIONS AND INTERACTIONS OF GENES 


Sweet Pea 
White Flowered 
CCrr 


\/ 


Sweet Pea 
White Flowered 
cc RR 




Hybrid. CcRr 
colored flowers 

Segregotion and 

Assortment of Genes 



The four possible assortments of genes in the 


F| Gametes 


Mole 


spores produced by the plant 


© 




Cr 



cr 



© 



cR. 



CCRR 

colored 

CCRr 

colored 

CcRR 

colored 

CcRr 

colored 

CCRr 

CCrr 

CcRr 

Ccrr 

colored 

white 

colored 

white 

CcRR 

CcRr 

ccRR 

ccRr 

colored 

colored 

white 

white 

CcRr 

Ccrr 

ccRr 

ccrr 

colored 

white 

white 

white 


Fig 92 Diagram f)F Tnterai tg - x of Ra-E' ( ' 'Mplemf.xt.\ry FACTf'R' 
CuXDITI'ANiXG CoLuR IN FLuMER- oF THE SWEEI Pla. 
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of corn which both produced ivhite grains, such as CCrr X ccRR, gave 
comparable results. The Fi plants having the genotype CcRr also vielded 
grains in the ratio of 9 colored to 7 white. 

Later. Emerson, who was investigating the gene complex underlying 
the production of aleurone colors in corn, found that at least three pairs of 
basic factors with complementary action are concerned in production of 



Aleurone tissue may be 
colorless or colored red 
or purple depending upon 
gene complex 


Embryo consisting 
plumule, cotyledon, 
rodicle 


of Ovary 


Pericarp or ovary wall 
moy be colored or 
colorless depending on 
inheritance 


Endosperm 
has many 

heritable characteristics 


Starchy — Sweet 
Full- — Shrunken 
White — Yellow 


Fig. 93. Diagram of a .'Section through a Coen Grain. 
i Modified :Ut(T L. F. Itaiulolph.) 

colored aleurone in grains of corn (Fig. 93 and V)4:. The.se three genes are 
the C-c and R-r gene pairs, which had been previously dibcovered. and a 
third pair of genes, A-ii. Further inve.btigatioii has revealed the pre.'ence of 
additional alleles which also act as complementary genes in the complex. 
The dominant member.b of the three gene pairs must all be pre.sent in the 
genotype in order that any color may be dewloped in the aleurone layer of 
the grain. Colored aleurone i? thu.' produced by the complementary inter- 
action of the dominant members of three pair^ of baiic geiiC'. ,\n Fi tri- 
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ACTIONS AND IN'TEHACTIOXS OF GENES 


hybrid plant, AaCcRr, will undergo segregation and assortment, eventually 
leading to the production of eight types of both male and female gametes. 
The.^e types are ACR, ACr, AcR, Acr. aCR. aCr, acR, and acr. Following 
self-pollination of the Fi plants, recombination will occur at fertilization, 


Endosperm tissue 



Aieurone 


Fig. iU. A Si.i iI"N' rniaTcin • >rTrR Purtion of a Corn- CIr.un-. 

Shnwii Mi’f tiif oo-itMi, o’ pt„ li Kporm . and aieurone. a .single 

layer of ei ll- foiinitar outer ho'i-r of (.■ndo-jienn ti"Ue. In loloted coin grains, the 
yellow .MioTeiio!.! iinzU'CiU' ale located ill the e-'iiilo-sifi m i elb and llie purjile and 
red piariM-i.t- m tin laver. hd pianient- foumi in the pericarp con.stitute 

t he pel icarp '"oloi - bh >d,ififd ai tei I., f , R iiid' 'Ipli, fi ciin ./. Agr. '«-iirrh.) 


and iiiteraci loii oi the tlirei- pair.- of ba^ic eompilementarv aeiips will result 
HI the prndui tioo oi colored and white uraiii' in the niuditied F, trihvbrid 
ratio of '2 i coloredbb white I' m. h.)'. 


( 'ertai'.! 

eoiidit n uu d 


Summary of Complementary Genes 

plant ciiloi- eharacreri'tic of flower- and other structures are 
not by a -iiiule pair of determinei,- but liy fvvo or more pairs of 


ba-ic cene- I he nat'ire ot 
can pioijine i-idor. lb pile 
meiubel'-. InU't be pr. -eUT 


t. o-o aeiie- 1- .-ue}i that neither one acting alone 
-entaV', ea of Sjoth pail-. U'Uady the domitiant 
in a geiititypie in order that their interaction may 
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condition the production of color. Genes of this nature are said to have 
complementarj" action, that is, each completes the action of the other. The 
interaction of two pairs of genes with complementary action results in the 
modification of the expected dihybrid ratio of 9:3:3:1 to a 9:7 ratio in the 





Fig. 95. Si;r,nEG.\TioN iif ('di.orkd .\.\d ('(ii.ori.K" .\i.KrRn\K i\ C’urn'. 

Top, segregation due to the action of one pair of genes, as A-o. Thi.' ear shows 
colored grains and white grains in aiiiiroxinuUely a 3:1 ratio. Center, segregation ilui' 
to interaction of two pairs of complementary gene-s, as TnCc. Becau.se of the crun- 
plementary interaction, the ratio is appro.xiniately 9 colored to 7 white grain.N. 
Bottom, segregation of three pairs of complementary genes, as AaCrRr. This inter- 
action results in the production ot colored and white grains in the ratio of 27 colored 
to 37 white. (Specimens courtesy, George Carter, Clinton, Connecticut.! 

F; generation. Three pairs of genes with complementary action yield a 27 :37 
FT phenotypic ratio (Fig. 90 j. 

Interaction of Genes Supplemental^' Actions 

Among the great variety of characteristic.-^ exhiluted by cultivated plants 
and animals, colors are readily observed. Sweet peas may produce red, blue, 
or purple flowers in a range of coloration tmm dark or intense to ililute. The 
red or purple of the aleurone ti.-'.'ue of maizo may likewi.'c show tarying 
degrees of inteiisitv. \'ariatiun' of color in plant' re.sult irum the interaction 
of additional genes with the basic-color genes. 
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ACTION'S AND IXTEBACTIOXS OF GEXES 


Corn Plants with 

Colored Aleurone ^ White Aleurone 
AACCRR QQCcrr 



fj Hybrid 
AoCcRr 



3C Icc 3C Icc 




27 9 9 3 9 3 3 1 

ACR : ACrr • AccR Accrr :aaCR ; ooCrr = oaccR laoccrr 
27 grains ; 37 grains with white aleurone 

colore d 
ale uron e 


Fig, 9i’i. Dc'lGr.im of [NDi.pr.NDr.N r .Si.gi! 1 .(.,ation-. .\~--oK-i.\iLNr, .^nd Ellum- 

BINAIION OF THF -i oI.oR (ir.Nl,- AND ’■R-r" DeTFRAIINING 

.\llltio,\f C'oLoK in Corn. 

A"urnj)tion oi cuinjili-to iliniiinaiirf in facli fartoc naii iiidiratf-ii hv tlie fisuie 
o lipi'oi-f each .4, ('. ami R. Miiltijihi-atiou or the imlicatP' ler-ombiriation^ in 

tlie prodiipt-i. All riPiiot y|»p.'' laokinu odp of tlip lioiuiiiant ^ipiip^ pomlition plants lAith 
white araiii'. The 27 oenotypp' with .1, (', ami R in the dominant state are C-\pre'>ed 
in I'olored -irain.s. 


The common domp'tii- animal-- are likewi'e cliararterized hy a variety 
of color' A.-i in plant'. rhe'O color' are the re'ult of interactions between 
ba.'ic-color ftenc' and additional aene,' in the eemitype ( )f animal' that have 
been stuilied. perhap.' the laboratm-y moU'e 'hows the areatc't raniie of 
ciiharation. In mice, a' in ah mammal', color or alhini'm m detci’mined be a 
'injilp pair of ba'ii'-coior eene', ( -r. ( oior in the coat m deTermined bv the 
dominant member ( . .-'peeitic color', 'Ucli a' lii'ay or aiionti. black, and 
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hroM'n, results front the interaction of additional genes with the hasic-cnior 
genes C-c. Uniform distribution of color cs. rvhite spotting is determined by a 
second pair of genes, S-s. The presence of the genes SS or fs's in a genotype 
alloM's uniform or self-coloration, M'hile M'ith homozygous recessive, ss, 
white .spots develop in the coat. Other genes modify the size and the extent 
of the .spotting as well as the position and distribution of white spots on 
the body. 

Inheritance of Spotting in Rodent.s — Epistasi.s 

Mating a solid-colored black mouse, CY’.S.S, ivith an albino, cess, results 
in the production of an Fi hybrid. The heterozygous Fi CcSs mice are 
uniformly black or self-colored animals, ^ince the dominant basic-color 
gene, <\ determines color and the dominant gene, S. allows the color to be 
distributed uniformly over the body. Mating Fi mice involves the segrega- 
tion, assortment, and recombination of the two pairs of genes C-c and S-s. 
The Iti possible genotypes of the F- generation are shown on the checker- 
board I Fig. 97). Four of the.se genotypes contain the rece.ssive genes, cc. 
with i-arious recombinations of the distribution or spotting genes, b'-.s. 
-Ml mice with cc will be albino, and the N-a genes can have no visible effect: 
since the coat is uniformly white and there is no color to distribute, no 
spotting can appear. The 4 albino individuals are thus grouped into one 
phenotypic class regardless of the .spotting genes in their genotypes. 

Twelve of the expected F-: genotypes will contain the dominant basic- 
color gene, either as or C-. with various recombinations of N-.l .\.11 mice 
with the C geiie, either homozygous or heterozygous, will be colored, and 
the distribution genes .'s-.s will be effective in each case. N allowing unitorm 
distribution of color and .s.s determining spotting. Because N'-.s are recom- 
bined in a 1:2:1 ratio and N' is completely dominant. 1) of the 12 animal.- will 
be .s'N or .s'- and therefore self- or uniformly colored I'hree of the 12 animal- 
will be the reces,-i\-es. .s.s. and will be spotted. 'I'he F- generation will show 
three phenotvpic clas-e-, uniform or .self-colored, colored with white -pot-, 
and white or albino mice in the ratio ot 9:3:4. (lenes that act as .s'-.- are 
said to have a sv ppU mentanj action, that i-. they have a ntodifgiiuj injbnnn 
on the action of other genes, in this ca.se the primary or basic ones, that 
determine color. .4/i int( ruction hrtwitn tin two di.-<tinct pairs ot alhles is. 
therefore, invoiced. For example, genotype- containing the color gene (' 
provide the basi- for coat color. Interaction between the rece— ive--potting 
gene- and C result' in the production of -potted animals. The genes .s.s 
appear to interfere with or influence to some extent the full norma! action of 
C. .\gain. in genotvpe- containing cc. no color i- jiruduced. and the supple- 
mentary genes ,s'-,s have no efiVi-t on the re-ulting albino animal-. The 
rere--ive-. cc. of the ba-ic-color gene- thn- inhrjttn with the action eg the 
.s-.- geiie- that are nonallelic with < -c. (lene- that aet in this way, interfering 
with or intluencing the action of other nonallelic genes, may be called 





Cc Cc 



The four possible assortments of genes in the 
gametes of f^ moles and females 



Fig. 9/ Diagram i<f mi: Inierac riux hf the Ba^k'-i tilor Gene^ "C-e'' 
AND A Pair ■ 'F M PRi.rMrNT '.r.-v Gkne'. Cmndi rii ining Chloh and .''putting 

IN THE MdU'E. 
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epistatic genes, and the condition resulting from the action of anepistatic 
gene is called epistasis. These terms come from the Greek words epi, mean- 
ing upon or over, and stasis, standing. Epistatic means literally standing 
upon or standing over. Thus, an epistatic gene stands upon or over another 
gene, interfering with its normal action. The adjective is pronounced 
ep'i-stat'ik and the noun, e-pis'ta-sis. although ep-i-sta'sis is preferred by 
many. In this type of interaction, the genes that are interfered with, have 
their actions modified, masked, or suppressed are called hypostatic genes; 
they are genes tJiat arc under or are stood upon. 

SuPPLEilENTAHY GeNES IN THE LaHGER DOMESTIC AniM.YLS 

The production of distinctive color patterns characteristic of the various 
breeds of domestic animals, while not so well understood as coloration in 
rodents, is thought to result similarly from the interactions of a single pair 
of basic-color genes and numerous pairs of additional genes with supple- 
mentary actions tFig. 9S-100). These supplementary actions affect the 
intensity and distribution of color in larger dome.'tic animals much as in 
rodents. 

Through years of crossbreeding, inbreeding, and selection by making 
them homozygous, man has fixed some of the color and pattern variations 
in breeds of domesticated animals. The results are seen in some breeds of 
dogs, swine, and cattle in which, as in the Dalmatian or coach clog, belted 
Hampshire .swine, and white-faced Hereford cattle, the color patterns are 
conspicuous. 


ScPPLE-ttENTARY GeNES IN MaIZE 

It may be recalled that the development of color in the aleurone layer in 
corn seeds is dependent upon the complementary interaction of the basic 
genes T-a. C-c. and R-r. Coloration varies from light and dark red to light 
and dark purple. Besides the ba.sic-color genes, additional pairs of genes are 
involved in the production of aleurone colors. Among them are the purple- 
red genes Pr-pr. Pr determining purple and pr red. 

THE 9:.3:4 RATIO IX C(.)KX. Action of the Parplr-nd (if lies. In 
corn a pair of 'upplementary genes. Pr-pr. in the presence of the basic-color 
gene.' ARC acts to produce purple or red grains. A corn plant with the 
genotype AACCRR prpr will produce i-ijlured gruin> because of the comple- 
mentary interaction of the factors ACR which condition the production of 
pigments. The presciice of the genes prpr in the homozygous recessive deter- 
mines that the color will be nonpurple and. in the pre'Ciice of ACR_ there- 
fore nd. Tile genotype AACi RRPrPr will condition the de'celopmcnt of 
purple aleurone becatise oi the interaction oi the dominant gene Pr with 
APiC A corn plant ha\ung the genotype .\CC rrlcPr will produce white 
graiii' because ol the holno/ygoU'-lci-e — ^ive 'tate ot one ol the palt' of iia-ic 
coratileriient aiy genes, rr. ( 'ro"iiig two types fif cocn jilanrs a- .1 . 1 1 Y ' PR prpr 
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X AAL'CrrPrPr \\-ill produce Fj plants AACCRrPrpr. Since the basic 
cumplemeiitary genes and CC occur in the genotypes of both parents, 
both A and C will be present in the homozygous state in all their progeny. 
Their segregation, assortment, and recombination need not be further con- 




Fig, 99. Spotted Pony. 

Marking.' lesult frnni a supplementary sjuitting gene interacting in the gene 
com[)lex cnnditidning coat coloration in horses. This type of spotting is regarded a.s 
recessive to self-coloratioii. A dominant type of spotting has also been reported in 
horses. (Courtesy, Cook and Gormley.j 

^idered in the calculation of the F'. dihybrid ratio. Hybridization will, how- 
ever, involve o/n pair of basic complementary-color genes, R-r. and the 
nilditionnl pair of supplementary genes, Pr-pr. fsiiice the Pr-pr genes act in 
addition to the ba.sic genes, they may be .said to supplement the action of 
.4, C, and R in the production of color.s. The supplementary action of Pr-pr 
determine.s what the color will be. purple or red. 
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Because in the Fo the members of any single pair of genes recombine 
in a 1 :2 ; 1 ratio, the basic-color genes R-r cvill be recombined in the ratio of 
iRR :SRr-Arr in the F 2 of the dihybrid (Fig. 101 and 102). With comple- 
mentary interaction of the *-l-a, C-c, and R-r genes, the genotypic class 
containing the recessive d/v vill produce colorless aleurone. Although present 
in these genotypes, the supplementary-color factors Pr-pr are without 
visible effects, since they cannot produce color but only modify it when 
present. Thus there will be 4 white grains in the expected F 2 total of 16. 



Fig. 101. I NTEH.CCTK.iN OF F.Cc TOKs IN A DlHVBHll) LlaDING T' ' ITIi: ProDCCTIi IN OF 
Two Ixm'TIXGCI'H MILK C'l.ASSf> ix CoRN. 

Top, mteiai-tioii of two "eiie paiij, Su-xu and Sli-A. cunditioniiig starrhy->weet 
and tull-shrunkcii. re.spectivelv The recp.^sive, determines the pneiuction of 
sugary grams. The gene.s Sfi-.yh abo affecting the endosperm produce no visihle effect 
rm any of the sngar,v grain.s, because all are wrinkled. Thus the full and shrunken 
characters are not vi.-ible in a sweet grain. The ratio is 9 starchy fullbi starchy 
'hrnnken:4 ^ugary. The latter contain both full and shrunken, but these are not 
'h'tuigiu<hahlo. Bottom, the ratio of 9 purple;3 red;4 white is due to the interaction 
'it genes. ( Specimens courte.sy. George Carter, Clinton, Connecticut.) 

The genotypic classes containing ARR and 8/?r in combination with .4 
and C present in all geiiotypc' provide the basic complementary genes 
os'eiitia! for the development of color in the aleurone tissue of 12 grains. The 
'Upplementary factors Pr-pr will be distributed in a 3:1 ratio in these 12 
genotypes with the dominant Pr gene in 9 and prpr in 3 of them. With the 
interaction of Pr resulting in purple aleurone color, ''in of the total F-j 
population will be purple grains and will be red. The Fi plant will 
produce purple, red. and white grains in the ratio of 9.3:4 (Fig 102;. This 
is a modification of the expected 9.3-3: 1 dihybrid ratio which i' character- 
istic of all cro.-sc' involving a .-ingle pair of basic genes and a pair of supple- 
mentary genes. 
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A<'tion of the Dilution or Intensity' Gene. Iii the coloration of 
aleurone in corn, the dilution genes D-d also act as supplementary genes. 
modifi/ing the intensity of color, the dominant gene, D, conditioning the 
dilution of red or purple to pale red or pale purple and dd, no dilution. 
When the gene is in the homozygous-recessive state, dd, the interaction 
results in the production of intense coloration, dark red or dark purple. 
Hybridization betiveen corn plants cvith the genotypes AACCiRRddprpr and 
AACCrrDDprpr, producing dark-red grains and white grains, respectively, 
will yield an Fi dihybrid plant, AACCRrDdprpr, heterozygous for one pair 
of the ba .sic complementary genes, R-r, and the supplementary-dilution 
factors, D-d. Upon self-pollination the genes R-r and D-d in the Fi dihybrid 
undergo segregation, assortment, and recombination. An F: populatitni of 
dilute-red, dark-red, and white grains will be produced in the ratio of 9;3:4, 

Inheritance of Two Pairs of Supplementary Genes 

Simultaneous interaction of two pairs of supplementary genes in a gene 
complex may result in modification of the character under consideration. 
Supplementary genes not only interact to modify the product of the hasir 
genes, but in many instances they i attract together. In organism' which are 
homozygoiLS for the dominant-basic genes for any given character. t\N o pairs 
of supplementary genes involved in a cross tend to yield the typical 9 : 3 : 3 ; 1 
dihybrid ratio in the generation. 

A GRoS.k IX CORN IXVOLVIXG TWO PAIRS OF SUPPLKWEX- 
■TAPW GKX'ES. The 9:3:3:} Ratio. l( a cornplant {AA('CRR)PrPrDD 
producing pale-or dilute-purple grains iscrosseil with anotheras i AACCRR}- 
prprdd producing dark-red grains, the Fi hybrid plant { AACC RR PrprDtl 
is heterozygou' for two pairs of supplementary gene' (Fig. 103;. Thc'e are 
Pr-pr, which determine purjile or uonpurple aleunme, and D-d. the dilution 
or inttasHy genes that influence the production of pale- or dark-alcuronc 
colors. 

Selfing the Fi plant.s results in the [)ri.)duction of the expected sixteen 
genotypes in the F^ generation. These genotypes may be divided into four 
groups each of which conditions a rci-ognizable phenotypic cla.'.s. Since all 
F^ plants contain the basic complementary genes .\AP(’RR. they will all 
have colored aleurone. Xine genotypes are expected to contain the dominant 
supplementary genes Pr and D. Pr will interact with A. C. and R to pn.iduce 
purple aleurone, and D vill ditermint the dilution of tin purpU The pheno- 
typic expression of this group will be rant light-purpie-aleurijne grain' The 
■second clu'S of three genotypes contains the genc-s Pr and d which intei'act 
in the production of thret intense-purple-aleurune grains. The thinl cla" of 
three genotype' contains the homozygous rpccssive genc' prpr and the 
dominant gene D which result in the production of ti rtt diluTe-ied-alenronc 
grain.' The fourth class contains only one genotype, the humozc'c'ci' iccc'- 
sive of both supplementary genes, prprdd This genotype conditions darx- 
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of at least five pairs of genes. The comb characters most commonly recog- 
nized in fowls are the rose comb, the walnut comb, the pea comb, and the 
single comb (Fig. 104-107). Of this group of combs, the single and the most 
simple is inherited as a rece.ssive to all the other common comb types. How- 
ever, there is a European breed, the Breda, which i.s almost combles.s. The 
Breda type of comb is apparently recessive even to the single-comb type 
(Fig. 108). In the genetic interpretation offered by Bateson, it was .suggested 
that fundamental to all comb formation is a pair of basic g( ncs designated as 
t'-c which determines whether any comb is formed. Accordingly the combles.s 



FlO. 104 CoMR CnvEo TER- I\ FmWL'. 

Rose Climb of the White Wyandotte male at left ai.d jiea i_orab of tic Light 
brahma pullet at right. (C'onrtesy. A O. .-Sr-hiHing.) 


Breda breed of fijwls has the genotype rc. Since rhe genotype CC rb f' nnines 
the der) lojiMffit of snn'u kind of comb strurtu'-, . in conrra't with thf- lombbss 
CC, it follows that all other recognized breed.^ of fowl.a which ha\e well- 
developed combs are homozygous dominant < ('. 

Be^ldes the ba.-ic gene, several pair^ of 'upplementary gene.- inteiact in 
the gene complex underlying the development of comb types. ,\.mong thc-e 
are the genes R-r which in the dominant 'ta’^e nioiluy rhe i omb to the ro-e 
type and P-p which chaitge it to the itea tytte ('lo-^e- borween fo\v]~ with 
the ro-e , omii. ('(’RRpp. and the pea comb. < > b PP. p:-od':. ,■ F < < R''I^p. 
Bei aii-e of the inti njcliuti /■■p/f.c R a!id P gei.e, .n l■oIU!•;’;a: ion with 
the y,,,; , fowl develi ips a iruln uf Type ol comb [ :g i ( I' I 
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Heterozygous Fi tvalnut fotvls bred together produce an Fj of four dis- 
tinct comb classes, tvalnut, rose, pea, and single, in a 9;3:3:1 ratio. As a 
result of the recombination of genes, the supplementary genes R-r and P-p 
both occur ill the dominant state in combination with CC in nine of the 
expected sixteen F-> genotypes. F'nder the influence of the genes RP inter- 
acting in combination with the basic gene C, development of the walnut 
comb occurs in nine cases. Three other genotypes, containing the dominant 
allele R but the recessive pp, characterize the rose-comb fowls. Of the re- 
maining genotypes, three contain the dominant gene P but the recessive rr 
and develop pea-comb fowls. Genotypes which contain the supplementary 
genes in the recessive state, rrpp, in combination with CC condition the 



liorii courtesy. A. 0. Schillina:: Breda courtesy, M. .J. Sirks, Waaeniuueu, Holland.) 

development of the single-comb type. Only one such genotype is expected 
among sixteen in the F-r generation. Thus, following a cross involving the Two 
pairs of .supplementary genes R-r and P-p, four classes of fowl.', walnut-, 
ro'e-, pea- and single-comb types, are produced in the F-j generation. A 
'iniilar phenotypic ratio could be obtained in crossing a walnut-type fowl 
which ha." the genotype CCRRPP, homozygous and dominant for tioth pairs 
of supplementary genes, with a single-comb type which has the genotype 
CCrrpp. 

In considering these crosses, it is important to realize that the sapplr- 
xinitanj ijerits R-r and P-p do not determine Pn dceeloprncnt of comhs or 
comhlr.^snts.s. The comb structures are determined by the genes t '-c. the artion 
oj winch is basic in comb ch vclopmcnt. Gene.- P-p and R-r hare ottlj S'lpplr- 
mmtarp interactions that tend to modify the comb structure into speiutic 
types a.' walnut, rose, pea, and single. Other supplementary aeno' exert 
further modifications in comb structure. 
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plenient, to restrict, or to change the action already started by the basic members of 
the gene complex. This action is similar whether the basic factors are a single pair of 
iletermiiiin<c factors, such as the basic-color genes C-c in rodents, or two or more pairs 
of ha^ic complementary factors, such as .4-y, C-c, and R-r which determine color in 
the aleuione ti'sue of the corn grain. In some types of coloration, a given supple- 
mentary gene may act to intmsifij the color, making it brighter or darker. In other 
cases a supplementary gesie may dilute the color, making it ligliter or less intense. In 
cases, then, the supphernentai y genes are called intensity or dilution genes, 
heiy commonly the distribution of color both in plants and in the coats of animals 
pioiluciug disti/'ctire-color patterns is due to the action of supplementary distribution 
gene^. 

In gene inter actions, often there is interference in the actions of nonallelic genes. 
For e.xample, in rodents the genes for spotting, ss. restrict the action of C in the 
production oi coat color. Again, the reces.sive genes re. allelic to C. interfere with the 
noimal action rii the coloi-distrilmtion genes S-s which are nonallelic to C-c. This 
type of intciaction is called ipi.sta.sis. -4 gene that interferes with the normal action of 
anoi'iii r ijt m , not its alltU. is an f pi-static gene. When a pair of basic genes and a pair 
Ilf III ms inth snpph mentarii aetian are involved in a cro.ss. the resulting F; dihybnd 
latii' i' !• : .'F 1. Two jiairs of genes each with supplementary action involved in a cross 
yield all F: ratio oi !) : .'I :.'i ; 1 . 


Questions and Problems 

Ihvr,'. o\ rui Ixrr.H.vi iio.v of CIlxes 

[n .'siriif 1 ‘iiis Wiiitc and coioicil flowei- ill the sweet pea are conditioned by 
tun pal!' o! h I'lc gene-, ('-i and R-r. wliieh have a coinpleinentaiy interaetion when 
lu t! e if 'iiniMiit -V'ite lioiniiiant (' and dominant R togi'tlier in a genotype condition 

cnloieit Ihrl.ei alone in the dcirniriaiit -tate oi hi.ith r and r pieseiit in the 

leci c -r.'.te i.itidirion white tlov.ei-. 

/, < II I, III- 1 //'.';, The coloi- in the aleuione layer of Corn grains are Conditioned 

hv t 1 II n p.a. ' o’ oi-ic I’-is and R-r which have a complementary intei- 

act'.ni; I. t' e ilniiipi.iiir -tate. The dominant nienil'ei oi each jiair of allele-. . 4 , C. 

all! I R mu-t he po’-.'or ,1! rl-e genotype of a corn plant to condition the development 

Ilf li.ln'cii .iliiii.ii.i 11 rlic gram-, I’lant- with genotype- coiitaining genes in the 
1 . 1 , - a--, gi ii.c-'ive -tit.- !oi aiiv of the tliiee pan- ot gene- cum iitioii white 
ociioc.r I’.ia Mi-c c. c . ,j , 1-a gi I'ni ic tls-llc la a pal t oi the -eed and develop- a- a 
•c-ii.t : a T h/ -r '.n -cgogarii.n alenrone eoloi- aeriially circuit in the gram- 
I'.cvc',,;,. . •; rl ea’ : c ■ ., ! g.-c, 1 !,v tla- F plant 

1 . W ■ }!,. r. o r I V o .1 -Tie- .if w Inte-flowerei 1 ^weet jieas. he obtained an 

r .,1 licMi'.' 'I' •' Pi I i.'i 'i,.,] iPiui 1-. flow did he e\!ilain thi- re-iilt ? 

2 . -I I ', .1. P tie 1 p.aiit- mentioned in the Problem ahip-e led to the 

r 1 ,.i i ge: ,,T'. ,j, , , ,i|i],ring of tw 1 1 kind- of plants. t!io.se bearing 
. ' c, ; ffi i ', .-i - ,ii,; ti .1-1. : fa> pig \ fare fliiwei.-, The-e plant- were in the i atiu i a’ 
O' P I'll I ! ti -fii ; p; i!,T- How weie fhe-e re-nlt- explained'’ Do Men- 
■i' -n • ; n I'M- c.,-e'.’ Wnat then, w.i- the caii-e of the modifica- 

A ■ T , ,,• r ,'v Tic-'’ II"’>. do they inteiai r'? Are eoiaiilement.iry 

- 1 IP 1 ti ■ 1 'e. I ne.i acc, ,r. i.ng ti 1 Meicieiian pi iiiLipIcs'’ 

1. A . ; r .w* •, : i,..i-r!o',.,-t i v.uiety. tT'/f/?, and a white tioweied 

S" - • ‘ ' Ip ’ 1- V Tt, ;ent le-ults irolll the CI O'- ng ' c tws I wlilte 

V.P.c*'. F''p, : '. t' . pi.m ,p;e .iivolved. 
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5. A variety of corn producing colored aleurone, AACCRR. differs from a variety of 
‘‘white’’ corn, AACCrr. by only one of the three pairs of basic complementary 
genes, R-r. What results may be expected in the F i and F 2 generations if these 
two Y'arieties are hybridized? Emphasize the action and interaction of the 
factors. 

6. Another variety of corn, AACCRR, producing colored aleurone difi'ers from a 
Y'ariety of wliite corn, AAccrr. in two of the three pairs of basic complementary 
genes, C-c and R-r. Following hybridization of these two varieties, what results 
may be e.xpected? Empha.size the interaction of the factors leading to the pro- 
duction of segregating grains on the ear produced by the F . plant. 

7. Other varities of corn, AACCRR. with colorerl-aleurone tissue dift'or from certain 
varieties of white corn, uaccrr, in all three of the Icmic complementary gene>, 
-i-a, C-c. and R-r. Following hybridization of such colored and white vaiieties, 
what ratio of colored to white grains may be expected on the F, plant? Empha- 
size the interaction of the genes. 

8. Two varieties of white corn. aaCCRR and AAccRR. aie hybridized. What 
kinds of grains will the Fi plants jirniluce? Explain the ratio, and the interaction 
of factors lespunsible for them. This may lie regarded as a dihybrid ("omit RR 
which are common to all the genotypes). Do iMendelian principles apply in this 
case? 

9. Assume hybridization between the white varieties of corn. duCCRR and AACf'rr. 
This may be regarded as a dihybriil (omit f’E wliich aie coiniiion to all the 
genotypes'). What results may be expected from this cross? 

10. Assume hybridization between the white varieties, AA('('rr and .\A'‘i'RR. Tlii' 
may he regarded as a dihybrid (omit .1.1 which are common to all the aenotypc' 1 
What results may be expected from this cro.-,-? 

11. White aleurone will be developed by coin plants havina the genotype, 
naCC'RR. AArrRR. and AAC('rr. .Assume hybridization between each of these 
varieties and the other tuo a, in the pioblem, above. From thc'c crosses, 
deteiuiine the number and kinds of genotype, uhiidi will condition the ]>ro- 
duction of white aleurone in the grains. The checkerboard diagram' may be 
hel[)ful in obtaining all of the genotype'. 

12. .''ummaiize the action of complementary genes in the I’actoi i-oinplex a' seen in 
the pioblems in .sweet piea' and in corn. 

D.VTA on the I-Vil.UAi tlo.x OF (dl.Nl.S I.V RoD.EXlS 

C’olorutiirn in all a/iiinaU depeiul' upon the inteiactioii of tlie geiu-' in a fartoi 
' omplex. Interaction of the genes m the lactor complex conditioning coloi \'aii,-ttioii' 
oi rodents is the best known in mammals. The tactor complex in rodent' 1 oiitains 
tlie genes C-r. .l-a, and C-c is a single jiair of ba'ic-coior gene'. The domi- 

nant gene C IS essential to the develoiiment of any coat color whatevci The Iminozy- 
gous-rei'ps'ive state rr conditions the .ilbiiio. Mo't vaiiatioii' in the coat cnloi' of 
rodents ilepend upon the mtciaetioii of supplementaiy moduying mctoi' a it’e rlie 
dominant ba'ic-color gene C Tig 97 219 The wild giay ci.I,,!' ,,r agouti i- 

Conditioned hy the inteiactioii of the dominant gene .1 which act- a- a jiattem lacto: 
inoditying the distribution of n.lor on imiividual baU'. rnue: tl.e influence m A-. a 
= ight-coli a ed band i~ developed hl't below the tip or ea'-h hair. The hornozygoiis 
recc'sive 'tate aa coinhtioii, nouagouti. .A pail oi a'delc- /i-a, inteneTing in the 
''oinplex. loniliti.iiis biacK: in tiie .iommant .u.d l-o,.. n .p the bonc./vgou- i.-c-'p-e 
state. The distribution of c. ,1. u in p idient' i- cond.rioni d; i.y -in tt .iig :... t, ' , .pc o: 
'■'hlch !' the pan of allele' .s'-.' Intel acting . 1 . ti.e 1; . t. ■■ ''..i; yli \ .s i , iic i :r a,;,- ri ,e 
distiibution of color evenlv ovc; t! e iiodv rht animal. That n, .s In t!.*- doiniiian’' 
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state conditions the solid color or self color. The homozygous recessive, ss. conditions 
the development of white areas distributed over the body. Still other modifying 
factors influence the amount and extent of the spotting. 

Dat.x on the Interaction of Factors in Corn 

In the corn plant aleuroiie color is dependent upon the interaction of three pairs of 
complementary genes, A-a. C-r. and R-r. The three dominant genes, .4. C. and R. 
when present in the genotype condition the development of color. Because of the 
comsilcmentaiy interaction of these genes, the presence in the genotype of any one 
of the three in the homozygous recessive state conditions the development of color- 
less aieurone. The specific color or the intensity of the coloration depends upon the 
intei'acti(jn of supplementary modifying genes. The supplementary genes, Pr-pr. 
iiitciai'ting in the iactor complex condition the development of purple and red 
aieurone. The dominant gene. Pr. conditions the development of purple aieurone, 
while the homozygoii' recessive state, prpr. conditions red. A pair of intensity or 
dilution factors, D-il, conditions the dilution or the intensity of aieurone coloration m 
corn. The doniiiiuiit gene. 1). conditions dilute coloration of all the color types, 
while the hotnozyaoiis recessive state, dd. conditions intense coloration. 


1 )AT.t ON 'IHi: IntKKAI IloN oF GeNE.S IN THE SWEET Pe.A 

In iht !<irfft pea the color oi the flower is dependent upon a factoi complex con- 
'I'ting of two pair.' ot compleineutary basic-color genes, C-c and R-r. The supple- 
mi'iitary modiiying gene.', B-h. condition blue and reii. In the dominant and recessive 
'tatps, resj'ectively, H conditions blue and hh conditiiin.s red. In addition a pair of 
'Upplemcntary niodityiiig or inteii'ity genes I-i conditions intense color in the 
I loiuinant 'ta te. /, and dil utc* coloration in the iioinozygous recessive, ii. 


1.3. When mutant black, mice. Cl.’aa. aie mated with mutant albino mice, as ccAA' 
the I ; geneiation i' the wild-type agouti or gray. Explain the genetics of this 
revei'ion to the wiM. aticc'tial type of coloration. 

14. ."'iioulil tlie F. geiii'iation itoiii I't.'aii N rv'A-l in the iirobleiii above be mated 
nifir .SI , that i-. I \ ! . what genotype' may be exjiected in the F; generation? 
t oti'ideiing rhe inteiaction oi tactoi' determitie the phenotypic classes of the 
I. gctiei.ition Wli.’iT I- the I , iiheiiofc'pir latio? 

1.). When a 'cli-i'iilop-d '-olid black iiioU'e (Y'.s'.N, is mated to albino tvpes as 
cess member' oi rlie I generation are all sell black. If the Fi generation is 
rn.itcd I "0 I- M , 1 • 1 w 4 it genoryjie' may be expected in the I-b generation? 

( oii'iiii ling t!,e inreiai tion ,,r the lactoi', liete'.mine the F-j phenotvpie classes 
.■ui'l the r_ piwni .ryi,;,- l.itii,. 

Id. .4 I'pe.in mi-U'e hii' t!,i- geill.Type I ( hh but 'ome albino' mav eutrv the factor 
f'T ojiic.' in ri.e.i gi-iji'tyoe- rrfiB^ h’ciii'ideriiig the interaction of tactoi's. 
exp.ain uhit may oe e\pe.-ted in tlie F: and F: generation' lollowing mating 
tl,e-e I'll'’,’, u and .dbll.,. Is; ee 


" gela.Typi .l.U f RRPrPr prodlii-e purple giaiiis, and those with 
oio.iuee Lite giaiii'. What ipsults may bp expected if 
"1 p. ii.T' ai- i vori'li/ed? Thi' may lie regaiaied as a dihybrid. 
1 " .l.U ( I.j.-'i, are eornmon to all genotype'. Explain on the ba'is 


IN, I "'V'': i Paul 

.!.U ( '■■j'rl'- ; 

.l.l'-A p- 

in di Terr,. ; mg ri,. r_ 


Pet .Men ei.in piaiit' i >1 geiiotypp' AA<'(’ RR pr pr aid 
"'i'.. e :cd gia.p' aid white gram' lespeetivplv. 'Omit 
( ;er the :acti>r complex aid the i-.etor iiiteutctii.ius 
■' ‘■m.typie latm. 
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19. Corn plants with the genotype^ AACCrrPrPr and AArcRRprpr each pualuce 
grains with coloiless aleiuone (white;. Whenthe.se type.^ ol corn aie hyhridized 
a trihybrid Fi plant is produced (omit -4d.). Considering the interaction of the 
genes in the factor complex, determine the colors of grains which selt-polhnated 
Fi plants may be expected to produce. What is the ratio? How do you account 
lor the large number of white grains in this generation? 

20. Hybridization between corn plants with the genotypes AACCRRPrPrdd and 
AACCrrPrPrDD. conditioning mten^ely purple grains and white grains, re- 
spectively. will produce a dihybrid F, plant (omit genes common to all geno- 
types). Considering the interaction ol the genes in the factor complex, detoimine 
the ratio of the grains of various colors produced by .selt-]iollinated Fi plants. 

21. Corn plants with the genotype AACCrrPrPrDD produce white grains. Those 
with genotype AACCRRprprdd produce dark-red giaiiis. Assume hybridization 
between these two types of corn plants. The Fi plant will be a trihybrid. Con- 
sidering the interaction of genes in the factor complex, determine the phenntvpic 
ratio of grain colors produced by the Fi plant. 

22. , Sweet-pea plants of the genotype CCrrBB produce white fioweis. and plants 
with the genotype CCRRhh produce red flowers. Following hybriilization 
between these two kinds of plants, what will be the color of the flowers on the 
Fi dihyhrid plant (omit CC)? If Fi plants are allowed to .self-pollinate. wliat 
genotype.* will be fourul in the F.> generation? A* regard' flower colors, what 
ratios may be expected in tlie F-. generation? 

23. Assume hybridization between sweet-pea plants with genotypes ('CrrBB and 
ccRRbb. both jiroduciiig white flowers. What flower coliu's may lit' expected in 
the Fi and F_. generations? Explain the interaction of the factors in tliese 
lilant.s. 

24. In the sweet pea, plants with the genotype CCRRBBII will produce blue floweis: 
those with the genotype CCrrBBii will produce white flowers, llybridization 
between these types of plants will iiroduceaii Fi ilihybrid (omit CCBB). Follow- 
ing selfing of the Fi, what will be expected in the phenotypic ratio? Explain 
the interaction of the factors in the factor coinidex. 

2.5. The factors CCRRBBII condition intensely blue and CCRRhhii, pale-red flowers 
in the sweet pea. Assuming hybridization, desi-ribe phemityjiic expres'ions which 
may be exjiected in the F, and F-j geneiatioiis. Explain the lartor interai-tions 
involved 

2fl. A'sume hybridization between ciirn plant* with thegeiiotypes A.4Ct 'RRPr Pr DD 
and AACCRRprprpdd. pi-oducing pale- or dilute-purple araiii' and dark-red 
grains, respectively. Describe the phenotypic expic'suin.' in the F. dihybrid 
and the P'j veneration. (AACCRR. common to all genotyjie' may be omitted in 
the calculations, i 

27. Who made -ume of the eaily investigations on the comb ehaiaeteis in fowl-? 
hat is the exulence for assumin” the exi-tence of a pan of uenc' f'-r which are 
iiasic to comb development? How many other paii* oi vene* aie known To be 
present in the lactur comple.x conditioning comb cliar.ictci - in lowl-? 

2''. By reference to pp. 211'. 222 desmibe the inteiactioii oi tlie -upplcmentai y 
genes, R-r and P-}'. when jiea roni'n ('(PPrr. and rose conib. CCpiiRR are 
cro'sed. Describe the pb ami F- geneiations. 

29 a. How many [lairs of genes are legaided a- ba'i<' lactois in the fuctui comple.x 
conilitir)nmg ertat cttloration in lodent-* 
ti. How many genes mav r>e coii'iiieien a* oasn- in the ract'V i-ori.picx c nclit.ori- 
ing coloration of flowers in the sweet piea? What i- the laituie o: these Oasic 
genes ? 
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c. How many genes may be eDnsidered as Ijasic in the lactor eomi)lex con- 
ditioning coloration in the aleurcjiie tissue of corn grains? What is the nature 
of these basic genes? 

30. What F 2 ratios may be expected if the basic genes alone are involved in a hybrid 
in each of the three ca'es a, h. and c in the problem above? 

31. What terms have been used to designate modifying factors? What is the nature 
of the interaction of modifying factors? What is the nature of some of the char- 
acteiistics of plants and auirnah which are conditioned by supplenieiitary or 
mollifying factoi'’’ 



chapter II 


Interaction of Genes in Development — Inhibitory 
Genes— Epistasis 


Domestic fowls like other animals under domestication exhibit a di- 
versity of coloration. Among the various colors and patterns are black, red, 
bntf, barred, and white. The domestic fowl carrie.s ba.^ic-color genes desig- 
nated C-r which condition the development of colored and white feathers. 
In studies of the inheritance of white in fowls, genetically different white 



Fig. 110. A Eecessive Whiie Wy-amhoil IIj.n ai Li.i i and a Dumixaxt Wniri. 
Lr.GHiinx AT THi Right. 

tCourtc'y, A. 0. .''cbilima.'i 

types have been found (Fig. 110 and IID. Colored lirced.s are homozygous 
dominant for the basic genes CC. White Wyandotte> and A'hite Rocks 
behave a.s recessive whites in matings with colored breed.-^ because they are 
homozygous recessive for the lia.-ic-color genes cc. Crosse^ between rece?.si\'e 
whites, cc. and colored breed.s. CC. yield colored F; and colored and white in 
3:1 ratio in the Fj. The dominant white breed, A lute Leghorn, has the 
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dominant color genes CC, but the development of color is prevented by 
action of an inhibitory gene, I. which cancels the effects of the dominant 
color gene C. INIating the dominant White Leghorn with a colored breed 
yields an Fi generation of white fowls, with possibly some colored feathers, 
and an F 2 of white and colored birds in the ratio of 3:1. The genotype of 
the dominant white is IICC. the recessive white is iicc. and the colored 
breeds are iiCC . 

Dominont White 
F| Leghorn 

IICC 


White Fowls of 
Fj Generation 

IlCc 


3 1 I 11 


3 C 

1 CC 

3 C 

i CC 

9 1C white 

3 Icc white 

3 iiC colored 

’ IICC white 


Ratio 13 white 1 

3 colored 


Fig. Ill 1 >i \Gi: wi 

OF Ixiii in. Mil vr .■'I'.Giii- 

G VTti iV. ii: 1 Vt \T. 

wri Ri.coM- 

HINAI'IOX of lilt. B.X'li 

( I il.i il’ < i l.N 1 ' ■ ( - 1 '." 

\.M) lilL l.NHiniloht 

CkxK' • I-i.' 


[N Fowl.' 

All !ieiior\'tii'' lAii-nr of’ i'":i<lit;’iii whito !o\\!^ 

DIHYHIllDS IWd 'b\TX( i THF HEHA\T( til ( )F AX IXIIIBITOPW 
(iKXF AXI) A BASIC COLOK CKXF. 77- /.i:.; .Ur»/-/n -//•': P/- 
Rtiti'i 'll Fiiiiis. By mtiting the diiimnaiit W liite Leghorn. IICC. and the 
rect''^i\-e White Wyanilottf. hrc, a v liite-iVatheicd F dihybrid with the 
genotype I tCr \' ol it a i tied. A' a ri‘'Ult oi 'Cgt egatiiui. a 'sort meiit . and reci nn- 
bination. the'C two pair' of getiO' art' rei-omiiiiit'd in tlie Iti expected Fj 
genoTvpc' ' I' ig 111. 

llu' chief intetV't in thi' cro" !ic' in the j)lienot\'pic e\pre"ion in the F_. 
generation x'.hich n dependent upon the 'nh '•nrtmns ai fj,f (nlnhituru utm 
mil! till tiii^ir niiii'’ i.'i m < W hc.n bcith / and C are pre'.-eiit. g' thev are in h of 
the expe-Ted Iti f gciiotypc'. the normal a-tion of the ha'ic color gene C 
in the prodin-tion ot .-olo;- > ;i,h::.ircd by the niteraotion of rite domiiiant 
i!ihil'itoi\ la'Cic / lilt' lUTr" ;ii': :o;: i-'iilt' m the 'iljtpii'c^ — ioii of color in 

t he t-at hci ' I h'l'. n , j, ,;ii!n.'int u hit O loi\ i' at O prod' ^‘■•‘d fh- reoc — i\e't:itt“ 
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of the basic color gene cc also conditions lack of color in the feathers. Four 
additional genotypes of the 16 contain the recessive genes cc, and thus there 
are 4 recessive whites in the F 2 . 

Statisticalh* all types of white fowls, 9+4, constitute an F 2 pheiioty-pic 
class of 13 possible individuals. The 3 remaining possible genotypes contain 
the basic color genes in either the homozygous dominant state, CC, or the 
heterozygous state, Cc. The alleles of the inhibitory genes are present in these 
genotypes in the homozygous recessive state, ii. They have no effect on 
coloration, and thus a phenotypic class of 3 individuals with colored feathers 
is produced. Because of the interaction of the.se factors, a dihybrid cross 
involving a pair of inhibitory factors and a pair of basic color genes results in 
the production of an F^ generation of white and colored individuals in the 
phenotypic ratio of 13 white to 3 colored. 

Inheritance of Aleurone Coloration in Maize 

The gene complex underlying the development of color in the aleurone 
layer of corn grains consists of a large group of genes with various actions 
and interactions. In addition to the three pairs of basic genes. T-a, C-c. and 
li-r, with complement ory actions conditioning color, there are the genes 
Pr-pr and D-d with supplementary actions and interactions determining 
specific color types. IMore important than these, in the present consideration, 
is a pair of genes, l-i, in which the dominant allele, I. acts to prcccnt or inhibit 
the production of any color in the aleurone tis.stie. This inhibitory action occurs 
regardless of the presence of the complementary genes AACCRR. Their 
effects are completely cancelled by the action of I. The homozygous reces- 
sive li, however, interacts in the gene complex to allow the development of 
aleurone color. The actions of the inhibitory genes in the two organisms 
Indian corn and domestic fowls are essentially parallel. 

Because of the interaction of the ba.sic complementary and inhibitory 
genes, there are several varieties of corn with colored or white grains. Among 
these, the genotype AACCPRii conditions colored aleurone; AACCrrii, 
AAccRRii, aaCCRRii. and other combinations of the complementary genes 
condition colorless aleurone; and the inhibitory action of the gene I in 
the genotype AACCRRII also determines colorless aleurone. Because of 
their behavior in monohybrid cros.ses, white varieties with genotypes like 
AAt't'rrii are called ncessire whites, and those like AACCRRII . dominant 
whites tFig. 112i. In crosses with colored varieties, the recessive whites yield 
3 colored to 1 white in the F 2 generation, but the dominant whites give 3 
whites to 1 colored. The dominant- and recessive-white varieties of corn, 
while perhaps genetically more complex, are in principle cpiite similar to 
the dominant- and reccssive-white breed.- of fowl-. 

A PAIR OF INHIBITORY FACTORS AND ONE CF THE THREE 
PAIRS OF BASIC COMPLEMENTARY GENES IN\ OI.VED IN .\ 
CROSS. The 13:3 Ratio in Corn. In hybridization between a dominant 
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white-grained variety of corn with the genotype AACCRRII and a recessive 
white-grained variety with the genotype AACCrrii, the inhibitory alleles 
I-i and one of the three pairs of basic complementary color genes R-r are 
involved in the resulting dihybrid Fi plant AACCRrIi. Upon self-pollination 
of the Fi plant, segregation, assortment, and recombination of the basic 
complementary genes, R-r, and the inhibitory genes, I-i occur, producing 
the expected IG F^ genotypes. Factor interaction in each of these conditions 
the production of white and colored grains in a phenotypic ratio of 13:3 
(Fig, 113 and 114), Thus, following a cross involving a pair of inhibitory 
genes and one of the three romptrmentary color g( ties basic to aleurone colora- 
tion in corn, two phenotypic cla.sses are produced in the F: generation in the 
ratio of 13:3, 



Fig. 113. E.\h of Coen Showing Fl^ults of Intlk.^cxion or an Inhiluiing 
Factor with thf. Basic color Gf.ne. 

The genotype of the dihybrid is liRr Interaction of the.se two pairs of gene-; 
rp^ult.s in approximately 13 nonpur])lp'3 purple grains. The genes Su-su are present 
and liave conditioned starchy and sugary grains on this ear. (.'specimens courte.'y, 
George Carter, Clinton, Connecticut.) 

DIIIYBRIDS IXVOLVIXG THE HEH.VVIOR OF AX IXHIBITORV 
FACTOR AXD A r^lTPLEMEXTARY GEXE. Th,. 11:3:1 Mudified /A 
Phijiotypic Ratio in Corn. In hybridisation between a variety of white- 
grained corn with the genotype AACCRRIIPrPr and a variety of red- 
grained corn with the genotype AACCRRiiprpr. the pair of inhibitory 
alleles I-i and a pair of .supjilementary genes Pr-pr are involved in the cross 
(Fig. 11.5;. The resulting dihybrid F; plant AACCRRIiPrpr is therefore 
heterozygous for the inhibitory genes I-i and the supplementary genes 
Pr-pr. The basic complenu-ntary color factors .\.ACCRR will be present in 
all genotypies of the Pi, F-. and Fj generations. Though the presence of 
these genes in the genotype normally conditions the production of colored 
aleurone ti.-.^ue, their jihenotypic expie.'sion will be moditieii by the inter- 
action of the .'Upplemeiitary factor.- Pr-pr and the inhibiting action of the 
inhibitory factor- /-; which, acc-ording to iMendehan principles, will be 
di-tnbuted to the -cveral genotypes. 

Following 'clf-piillination oi the I'-, plant, tin- gene- /-/ and Pr-pr arc 
.segregated, as-orted, and recombined to form the Hi genotypes expected in 
the F;; generatii.ui. Each of ihc'c pair- of allele- will tie lecombined to gis e a 
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ratio of 3 dominants to 1 homozygous recessive. Thus, the dominant 
inhibitory factor / will occur in 12 of the 16 possible genotypes and will 
condition the production of colorless aleurone. regardless of the presence of 
the dominant basic complementary factors AACCRR. These 12 genotypes 
will therefore produce white grains. 

In the 4 remaining genotypes, the inhibitory genes I-i are in the homozj - 
gous recessive state ii. Since a full complement of the basic complementary 
color genes AACCRR i.s present and there is no inhibitory action. 4 grains 
with colored aleurone tissue will be developed. The specific coloration will be 
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Dommont White Grcin 
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(AACC)RRII 


Recessive White Groin 
Gen oty pe 
(AACC) rrii 



F| Plont 
(AACC)Rrli 
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3 Rii red groins 
13 white groins 


3rrl white groins 
3 red grains 


Irrii white groin 


Fig :!4. Dicgram of Intfraction of Ba-ic Compi.kmentarv-color and 
iMinuioiA in a Cru" bliavki-N Corn PlanT' with Duminantwvhitf. 

■■ HPiII." ANT) pTTr"IVF.-W[nTI. t iRAIN', " A.VCC fl 11." 

A ilnuiinaiit H i" aiToiiipaiiinii hv I'ccC'^^iVC u, iiriun-) tvhl be ciilorcii 
It'd- OthiTwi'C. the grain- will bo white 


determined by the interaction of the supplementary gene.- I‘r-pr distributed 
to the-e geiiorypP' Accoriling To .Mendelian pnneiple-. F r and pr will he 
expi'i-ted in the-c geiiotype- in the ratio of 3 dominanT Fr to 1 homozygous 
reee-ive pfpr. Following thi.- .li-tnburion. 3 genotype- will determine the 
pvoduetioii ul purple aleurone. 1 nPrPr and 2 '■•Prpr. 1 he fourth ot rlu'se 
■renorype- eonraining both pair- of g.-ne-s in the hoinozyauu- rei-es-ive state, 
iiprpr '.viH eondirion the produeriou oi red ali'iirune ti--ue Followimr a ero-- 
t,etv.e..:i -..T.n.Tw- .4 . orii involving rhe pair of uihibiiorv gene- and the 
.slip] inTlir’li t a ry nenn- tht* f _ aeiit*rafIon Wl. be expeerini to eon.-l-t ijf 

3 pheuotvpie ela-e- of grains in rhe ratio of 12 white, 3 purple and 1 red. 
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Because the results are sharp and definite, inhibitory genes furnish good 
examples of f pistulic action. This is shown especially well m organisms con- 
taining the inhibitory gene I and the basic color gene C or other color genes. 
In preventing the normal effect of C in the production of color. I exerts an 
epistatic influence over C, completely eliminating its action, as shown in 
the 13:3 phenotypic ratios. In the ca.ses discussed above, the epistatic 
action of I. inhibiting the production of color by the basic color genes, 
influences the action of certain :>upplementary geiies, as shown in the 
12:3:1 phenotypic ratios. 



Plant with 
White Grams 
( AACCRR) 


Plant with 

X Red Grams 

(AACCRR) 


IIPP iiPP 



(AACCRR) (AACCRR) (AACCRR) (AACCRR) 

9 IP white 3 Ipp while 3 ii P purple I npp red 

Ratio 12 white grams ■. 3 purple groins . I red grain 

Fig. 115. Diagr.^m of IxDEi'CNiniXT Slgregaiion, A-soutmiixt. and Rcr hm- 
ruxATiox OF THi; Basic C'omplf.mi ntary i olor < '.enf:', ’'ACR. " -\.xd thi: Ix- 
HllilTilKY DeXE', "Pr-pr" AXD "I-i." IX the PRODCtTIuX OF (^'oLoK oF (AKAIX- IX 
f'oRX, 


Inhibitory Genes in Other Organisms 

Inhibitory action of aencs ha" been ob.^erved in ne\’eral iii'tance.- such 
as in the production of color in the fruit' of the .'ipui-'h plant, in onion bulbs, 
in potato tubers, and in the coat' of 'wine. 

IXHERITAXCE OF COl.ORS IX h^ttFA.'-H FRUITS, Fruit' ..i the summer 
biiuash are white, yellow, and various ;!.ade.^ of aicen aa the expreaaion oi oLloiophyll 
and carotenoid piarnents locateil iii the pla'tid'. Production oi any color at all is 
rlependent upon 'onie fundarneutal iteiietic lia.'i.' 'Uidi a' a basic color aenc ora 
group of basic genes juesent as homozygoii.s dominant in all plants. Besnies the basic- 
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color genes, that may be designated CC. a pair of genes with supplementary action 
Y-y and an inhibitory gene 1 with its recessive, i. may he assumed. Hybridization 
between a white-fruited squash. CCYYII. and a green-fruited squash, CCyyii, 
involves the inhibitory gene I and its recessive allele and the pair of supplementary 
genes 1'-^ with the basic genes CC present in each genotype of the Pi, Fi. and F; 
generations. Upon self-pollination of the Fi plant, CCIiYy. these genes segregate, 
assort, and recombine to proihice the modified F; phenotypic ratio of 12 white- : 3 
yellow- : 1 green-fruited squash plants (Tig. IIG'). 

Production of colors in this ratio may be considered as dependent upon the 
actions and interactions ot the three pairs oi alleles C-c. Y-y. and I-i. The genes CC 
may be regarded as basic to both chlorophyll and carotenoid pigments. Since 
squash truits are generally chlorophyll green in their young stages and assume their 
final Colors as they approach matuiity, the genes Y-y must e.wrt a supplementary 
action in chlorophyll tleveloiiment with 1 acting to restrict the development of 
green jiigmeiits but allowing the yellow to leiuain and with the iccessive supple- 
mentary gene y allowing the development oi green colors in the fruits The dominant 
inhihitory gene, /. exerts an epistatic action on the other genes, C-C and Y-u'. its 
presence completely cancels their action, inhibiting the iirodiictirin of all color and 
thus conditioning the jirodiiction of white fruits. The lecessive allele of the inhihitory 
gene in the homuzvgous state, ii allows unicstricted production of color in the fruits. 

INHERITANCE OF C'OAT COLORS IN SWINE. Hetzer reported data ou 
crosses between the luuuilbinotic white Danish Laiidrace am! the black English 
breed Large black. Involved in the cross are flip basic cofipf genes CC: a serie.s of 
multiple allelic extension or spotting gene:-. E. E''. and t, that foi simplicity may be 
designated .S-.s; an inhibitory gene. /: and its recessive allele, i. The extension genes 
have a supplementary influence on the distnluition ot color, ami the inhibitory gene 
I is epistatic to C and all extcnsimi or spotting genes. The above cross yielded white- 
coated Fi animals and an F; generation con-isting oi 397 wliitPiX-t hlack:4(l white- 
spotted pigs, a faiilv close appro.ximation to a 12.3:1 latio. 

A GENE CUiMPLEX IN THE ONION. Clark, .loiies, and Little report the 
presence of a gene complex basii- to tlie development of leil, yellou, mid white hulbs 
in the cultivated onion In this complex the basic gene (' iletermines color and the 
supplementary gpuP' R-r ileteiniine tlie 'pecitic cohu ol hulb in all C-type uiiioii' 
with R acting in the production of red color and rr detoruumng tliat the color will he 
yellow. Besides these, meinhei-. of a pair of incompletely doniiiuuit genes, 1-i, 
act to inliiliit and to restiict full coloiatioii. Plants with II have white bulbs; the 
heterozygous II plants have an intermi'diate or hgh.t 'hade oi color, either red or 
yellow . 

A GENE C( IMT’LEN IN THE P(.)T.\T(h Studies of the inheritance of colors 
in the potato indicate the presence of a gene complex siniilar to that in corn. Flower 
color, skin coloi' of tuher, aiul a light type of nisseting m the Katalidm potato dejiend 
upon coiiipleiueiitary gem—. ( ithei studies show' the action of supplementary genes 
m the iirodiiction of blue coioi in tuheis, wiiile s-jnpieiaentaiy genes witli duplicate 
action are infliienrial in changing ti"iie color in the tul'Ci fioiii led to hliie. 

Summary of Actions of Inhibitory Genes 

Inhibitory oi mhibitiiig genes a' the name indieates, aie gene' which hy their 
interaction in the gene eomnlex teini to restrii t or prevent the developnient of a 
chara- tei. An inhibitory gene, a, / eP /■,// p'-,e ,.,p/ -inyl. a-'" '(/O'. .s,;,re’ 

iiitiii/i I /T tl. I ^ Qt 'It ;;,P ./• of 17, am 1 thu.s ( aiicels, 1 a' sripni'Csses^ 

the ie~ult' noiinallv expected Some "i tiie hesf-kiiow 11 instances of inluiiitiiig factois 
are found in gene .nTeiai-tioiis conditioning the nrodilctic.n of crrlor in liiant' ajidl 
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animals. 'WTiile the action of inhibitory factors has been studied in several cases, this 
type of gene appears to be of relatively rare occurrence. To account for their scarcity, 
it has been suggested that the inhibiting action might, in some cases, interfere with 
the development of essential organs or processes. In these cases their effect might 
occasionally be lethal, and the death of organisms having such genes would tend to 
eliminate tliat race or species. Perhaps true inhibitory genes are observed only in 
cases in which the inhibiting action affects a chaiacter of imlifferent survival value. 

Involved in crosses, inhibitory genes condition modihcatinn of the expected 
dihybrid ratio as follows- A dominant inhibitor:/ gent and its recessive allele involved 
with n pair of hrntic genes in a dihybrid cross yield an F: phenotvpic ratio of 13:3; 
a rlominont inhihitory gtnt and its recessive allele involved with a pair of supple- 
rneniari/ genes m a dihybrid cross yield an Fe phenotypic ratio of 12:3:1. 

Behavior of the Genes in a Gene Complex 

In chemical studies of coloratiuii in plants and animals, a definite relation 
has been found of o.xidizing enzymes to production of colors. For example, it 
i.s known that the enzyme tgrosinast . found in the ti.ssues of plants and 
animals, act.s to promote or ha.sten the oxidation of the amino acid tyro.sine 
and related ."ubstances. This oxidation results in the production of the black 
pigment melanin as an end product. As oxidation proceeds, intermediate 
Steps exhibit a series of colors varying from pink and red to violet and finally 
to black. The amino acirl ti/rosinr or ndated substances may be regarded as 
the basic chromoip n or color former. ( Ixidarion of the chromogen through the 
influeni'e of enzymes such as tyrosinase finally results in the production of 
the jiigments. Basic genes may be assumed fundamental in the production of 
the basic color formers or chromogens. Other genes may be fundamental in 
the production of oxidizing enzymes. Genes conditioning development of 
these reacting chemical substances may thus appear to interact in a com- 
plementary manner. ( >r, more specifically, if one of the complementary 
genes, as conditions the development of the baste chromogen. as for 
example tyrosine, a second complementary factor, as R. then may condition 
the production of the oxidizing enzyme, fitr exarajtle tyrosinase, whii-h will 
proiiiMte the oxidation of the basic chromogeti Further interaction' of 
'iipplemeufary geiiC' may iiifluence the rate or extent of the oxidation 
procc" anil may thus extend or re-trict the development of color .\n 
inhibitory gene may uiteract in 'Uch a manner a- to pre\-ent the oxidation, 
perhaps by interfering with the normal ai'tion or development of the oxidiz- 
ing eli/ymes 

The Gene Complex 

1 he unit' lit the geiic --onijilex have been classified according to their 
.actions and re a' lon'lup' to other genes in the genotype The gene' of a 
genetic ( iiiu[);e\ IiUiV be grouped into t'o.o cafegoi'ies, hcoi'r /;• n> ' and nind'l.i- 
>:n; •/• I he oa'ic gene- determine tlie i leve’.opuient of the cliaiacter. rhev 
aie In a scn-e tundainenta.i m the jned';, tion oi rte trait under < oiisideration 
.Modifying tactor- iiv thern'clve- do not deteimine the de\ ,-1, ipment of anv 
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character. They interact with the basic genes to modify or change the 
expres.sion of a character. The types of genes recognized i)y their action.s 
and interactions in the se\-eral gene complexes may be classified as follows. 

The Gene Complex, the whole group of interacting factors. 

1. BASIC GENES 

These genes are fundamental in the determination or conditioning of 
any manifestation of the character. Basic genes may be: 

a. A single pair of genes which act as determiners, such as for exam- 
ple the basic color genes C-c, concerned in the production of coat 
color in rodents 

b. Two or more pairs of factors with complementary action, such 
as C-c and B-r. conditioning flower colors in the sweet pea and 
aleurone color of corn grains. 

2. MODIFYING GENES 

These genes do not condition the development of a character They 
merely interact to modify or (.-hauge a character. Two types of modify- 
ing genes may be recognized: 

a. Supphnunturij gcncf< interact with the basic genes to change the 
action. They merely supplement the action of the basic genes. 
Most modifying genes are supplementary to the ba.sic genes in 
their action 

b. Inhibilonj gcnt-'i. by their action and interaction with the basic 
genes, inhibit or prevent the production of the character usually 
conditioned by the basic genes. 

Phenotypic Ratios Conditioned by the Interaction of Genes in the 


Gene C'omplex. 

I wo pairs of genes with complementary action. 9:7. 

1 hree pair.> of genes with complementary action, 27 :37. 

< )ue pair of basic genes and one pair of genes with supplementary 

action, 9:3:4. 

I wo pairs of supplementary genes interacting in the presence of 
the fundamental basic gene. 9:3;3:1. 

* hie pair of basic gene^ and one pair of gene.s with inhibitory 

actioii, 13:3. 

fihie pair of genes with inhibitory action and one pair of genes 

with supplementary action. 12:3: 1. 


Epistasis and the Actions of Epistatic Genes 

AlthfiUgh the terms ro/r' idtirt ntnr supplt r ^titar i. ami ir.hibitur, gtnt-' have 
t'eeii prcM'iiteil. many autiair- c.xnlaiii gene interactions without tb.em. In t'riPir 
pxplanatii ins mist ca.ses o! gene interactions are interpreted entirely on the baMS of 
epistasis and the actions of epistatic genes. 
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DO^IIXAXCE AXD EPISTASIS. Confiisinii has sometimes uceuned in the 
use of the terms dominance and epistasis. These terms applied to different phe- 
nomena may be contrasted. The members of each pair of allelic aenes generally 
have a dominant and recessive relationship. Dominance between alleles may be 
complete, as in the relationship between the members of the gene pair C~c which 
comlition coloration or albinism in rodents. Dominance may also be inconijilete. as 
in the relationship between the alleles R-r conditioning red-, roan-, and white-coat 
colors III Shorthorn cattle. Dominance and recessiveness art relationships between the 
numbers of a pair of alleles or of the members of a series of multiple alleles. In contrast 
with ilominance and recessiveness, epistasis and hypostasis are relationships between 
genes belonging to digferenl allelic pairs functioning in a gene complex. In cases of 
epistasis, it is consistent with the facts to refer to the influential gene in the complex 
as the epistatic gene and to the masked or siipiiressed genes as the hypostatic genes. 
Genes with tliH sort of action may be domuiant to their allelic mates, but they are 
not dominant to the whole gene comple.x or to other nonallelic genes. While an 
epistatic gene may have a dominant-recessive relationship with its allele, its relation- 
ship to tlip genes of other allelic paii.s is one resulting in epistasis and hy'postasis. 
not dominance and recessivene.ss. .Some authors refer to dominant epistasis and reces- 
sive cpi'tasis when the genes involved show either dominant or recessive actions. 
Perhaps to avoid corilu'^ion, it would lie prefi'rable to say ejiistasis resulting from the 
action of a dominant gene or epi-tasis re.'-ulting fi'om the action of a recessive gene, 
respei-tu'elv. 

EXAMPLE.^ OF EPISTA.^LS RE.^LT.TIXG FROM GEXES SHOWIXG 
DOiMIXAA C'E AX 1 ) RE(’ES.''I\ EXE.''S. C’u'O^ ot inheritance involving the inter- 
action of gene.s are leplete with (‘.\am[)le,^ ol e/nsta.<is resulting from either dominant 
or nrissve gi nes and in some iii'tatn-es iium both t>'pes acting at once. The modified 
F; d d-4 diliybnd phenotypic latio may l><> explained on the basis of the action of a 
gene in the homo/.ygous icci's-ive jtate. In lodents. lor example, a pair of supple- 
iiipiitaiy gene.s, inteiacts with a jiait oi b.isic c olor gene^. C-c. when the two arc 
involved in a cin^.-r iFig. 97 '. Xoinially, in combination with ilominaiit C determin- 
ing coloration the prc'eni-e of dominant .s'- lesuit' in a .'olf-rolored coat and that of 
S.S in the developnient ol white ^pot^ on the animal However, the basic color gene 
in the reae-sive state rr, ocfiirnrig in G' "f the jiiogeny, le-ults in albinism, thus 
having .111 t pish’ to' iiiflueni-e ovei the color di-tribiition geni'S .S-.v\ and neither of 
thc'C Can then expre-s ir-eli. 

A DOMIXAXT (,EXF. WTJ'H EPISTATIC ACTK >X The PhtwAgpie 

Rah”. .Vn expian.itioii of the nioiiitii-d T. d.hyluid IJ. PI latio may be made on 
the bu'!' of the doiniii.tnt inhibitory gene / winch has an epi-tatie effect in either 
the hoiiiozygoii- ol hi’teiozy'gous atate. II or It. pietwntuig the develo] intent ol 
coloi III the aleuroiip tis-ia-s oi corn In ciosst-s n.volving the gene pair /-f and a pair 
of 'Uppli nientaiy gene.- -ueh u' I'''-pr. petei niining pin pie o; re,! aieurone. the 
doiuinaiit / 1 - ejii-t.itie to Oiftii oT ti;e gene.- P'' and pr. In ( io--.e,- oi this type. 12 
of the IP Fj genotyiie- w.il! .•oiit.ini t'.e d. ■m.iiaiit in'mb.toi'v gene I. Eai h of these 
inf'll I iTA'I t'! I’ » •"'I' ill '‘I tii*' .idTIipU ijI tli'/ y;0nt'> 

pr and iw iw the i-p.-t .tw -e't 'U; of uoin nant /. .V- a i'e-u!t, cloiie-- aleuroiie G 
det'cloped in grants witn tu<-e g*i.''type- I oui ot the theoietwailv pi'-s;li|e |p F. 
genotype', eoiitani ti.e lei --.'e a.leie ■, .n tl.e ..oni-tzygoii- -tate These ui the pres- 
eiiM- ol tut' fctsii’ color gen* - ileteiiit.ne '■...•'lep aie;n..oo in tijc lat.o of A puirpile tC) 
! red. The complete F, p!:en,,typ,. ’.iw., 'J . . e puipie 1 red giant T’ig. 

1 1,' Siiiiilar ' omhtio;;- of epi-t a:- n.u ,n t; e n-vr i ,a eoiors in spiiash 

!i ii’t- F.g 1 ! P . 

DG.MIXAXT AXD RE' C-w-nTi (.FXF.' iPiTH ^Hi'WIXt. EPISTATIC 
ACTpiN, 1 to JO P'.’ ,po' Ri'i',. In fowls ui;en the nil.il atoiy gene / and 
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its recessive allele i are involved in a diliybrid with the basic color gene pair C-c. 
the Fo genotypes produce a phenotypic ratio of 13 white to 3 colored fowls (Fig. 1 1 1 i. 
< )f the 16 F 2 genotypes in such chhybnds. the recombination of genes results in the 
production of 12 with the dominant members of the gene paiis 1-i and C-c. In these 
12 genotypes a condition of epistash exists, because the action of the dominant gene, 
1. -luppresses the development of color normally e.xpeeted from genotyjies containing 
the basic color gene. C. The.se genotypes, tlierefore, efi'ect the production of pheno- 
typically white Fo fowls. A condition which may be regarded as epistasis is found in 
one other genotype, nameh". iicc. In this instance the lack of color is the result of the 
ejiistatic action of the recessive basic color genes, cc. as noted above in the 9:3:4 

I atiu. 

TWO RECESSR’E GEXES RESULT IX THE 9:7 RATIO. The 9:7 ratio of 
colored to white both in the flower color of sweet peas and the aleurone color of 
corn is commonly e.xplained on the genetic bash of the interaction of pairs of genes 
with complementaiw' action (Fig. 921. In the generation 6 of the 16 possilile 
genotypes contain either cc or rr. and in the seventh both are jiresent as ccrr. Since 
in these eases either cc nr rr conditions the lack of color, both may be regarded as 
ep^tatic. Because they parallel each other in their actions, they may also be regarded 
as recessive epistatic gene^ with dujihcate effect.';. 

Questions and Problems 

D.^ta on the Interactio.n of Inhibitory (;f.nes in the Factor Complex 

In fowls coloration appears to be conditioned by a factor I'uiiijilex I'onsi.'ting of a 
single pair of basic color genes, C-c. and numerous iupiilementary modifying factors 
which interact within the complex to conditiciii tiie colui c anatioii;. A ]iaii of lactois, 
I-i. acts as total inhibitor of coin when in the doiiunant state. Thus two types nt 
white fowls are known: one type is wliite becau'c oi the piesciice of the basic genes 
C-c in the recessive state as cc: the other type is white liecause of the presence of the 

dominant-inhibitory gene I. 

In the corn plant (maize' there i- a pair of inhibitory genes. I-i. w hich in tlie domi- 
nant state interact in the factor complex to inhi'oit the development of cohnation in 
the aleurone tissue. This inhibitoi.v ai-tioii completely cancels the iuteiuctiun of the 
complementary basic genes which normally i-otiditioii the proihiction of colmed 
aleurone tissue. Thus there are two type.s of white enrn. one tyjie develoj.is colorle-s 
aleurone tissue because one or rnoie of the basic <'olor genes an' present in tlie rere-- 
sive state (p. 231): the other type is white because ,,i the inhibiting ai-tion of the 
dominant inliibitory gene / which may be ]'icsetit in the genotype. 

In squush plants the fruits occur in a variety of colois, white, yellow, and seveial 
shufles of green. In this plant no ivce-.sive-w liite fruits aie known. Recessive whites 
usually indicate the presence of a basic cohir gene. The interaction of the supple- 
mentary and inhibitorv factors, however, is such that it is rcasoiuible to as-uine the 
piesence of some sort of basic color gene as C-c 111 the genotype of sejuash iilaiits. A 
iiair ()i supplementary genes, I -y. conditions the pi'>ductioii oi yelh.iw- and green- 
iruit colors in the dominant and recessive states, respectively. A pair of inhibitory 
genes, I-i, interacts in the factor complex in such a manner ti'.at. in tlie presence of 
the dominant gene / in a genotype, the development of all colur is totally inhibited. 
Tiuis fruits of plants containing I are w'hite leg.-.ruici-. nt the piesen, e o: othei genes 
ui t:ie complex, Howei.-er, when /-/ i- repieseiitcil in the houiozygnus j-nct i-ivc state 
O' u. Colored fruits may be produced in accordance with the intr-iTc tu.n of the 'oa-ic 
anil supplementary genes. The various shade- and patterns in green fiuits are con- 
ditioned by additional supplementary, intensity, and pattern factors. 
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1. It tlip White Letthurn breed C('II is crossed with a colored breed, CCii. theFi 
generation is white: but it a White Wyandotte, ccii. is crossed with a colored 
breed. CCii. the Fi generation is colored. Considering the interaction of factors, 
explain these different results. Assuming that the Fi generations of each of these 
crosses are mated inter se. that is, Fi X Fi in each case, determine what pheno- 
typic ratio may be expected m the Fo of each of these crosses. 

2. By considering the interaction of the genes, determine the Fo phenotypic ratio 
following a cross between the White Leghorn breed of fowls. I ICC. and the White 
Wyandotte breed, iicc. Explain the factor interaction involved in the modifica- 
tion of the F-: ratio. 

3. If a variety of corn, CCII. producing grains with white aleuroiie tissue is crossed 
with the variety CCii. the Fo segregation will show three white grains to one 
colored. However, if a variety of wliite corn, ccii. is crossed with the variety 
ecu with colored aleurone. the Fi .segregation is three grains with colored aleu- 
roTie to one white grain. Coii.sideruig the interaction of factors, explain the 
difference in these results. 

4. In hybridization between a donunant white-graineil variety of corn with the 
genotyjie AACCRRII and a leces-ive white variety, AACCrrii. the pair of 
inhihitnri! factors I-i and one pan of the basic color genes R-r are involved in 
the lesulting F, dihybnd. AACt.'RrIi. ((.Iniit the genes AACCPr-pr and D-d 
from consideration in the calculation'.') By coiisideiiiig the factor interactions in 
the tactor cijinjilex. cah-ulate tlie phenotyjiic ratio of white to colored grains 
which may be ex])ected to develop fi.illow iui; 'clf-pollinatiou of the Fi plants. 

."i. IlyliMilization between a vaiiety ot purple corn. AACCRRRrPrii. and a white 
vaiiety, AACCrrPrPrII. involves i.>ne pan of la.ne color genes R-r and the pair 
of inhibitor:/ genes I-i in the genotype of tlie Ih ddiyhnd lomit all other genes). 
C'onsidoriiig the iuteiactioii of factois, ( alculate the latio of white to colored 
giaiii' following 'elt'-iiolhnation of the F, plants. 

ti. Hybridization f>etuccn a vaiiety of white-guuned corn, AACCRRprprll . and a 
variety of puipc' corn. AAC<.' RRl'rP ri\. involves a jiair of supplementary genes, 
Pr-pr. and the pair oi inluiutoiy gmio'. I-i. in the F, dihybrid. i(.)mit all other 
genes.) (.'onsideniig the interaction o; the f.ictoi-, calculate the phenotypic 
ratio following 'cii-pollitiation of the F leant. 

7. Coii'iilering the inteiaction ot the gene', .h-teinui,,. jhf. culors oi fruits produced 
iiy tlie F; and I'., jilaiit' in the toilowiiig nioiioliybiid cios'es among scjuash 
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10. What kind of factor interaction is indii-ated when tlie 9 : 3 : 3 : 1 F■^ ratio is modified 
to 9:7? to 9:3:4? to 13:3? to 12:3:1? 

1 1. What kind of factor interaction is indicated by a 27 :37 ratio? 

12. What do you understand by the term fcrcfo/- comphx'l What kinds m j^enes make 
up the factor complex? By the use of definite examples, explain the action and 
interactions of the different types of factors. 

13. Distinguish between dominance an<l epistasis. How many pan.-? of alleles may 
be involved in each case? By use of definite examples, explain tlie iiircraction of 
epistatic factors which leads to the condition of epistasis. (.>66 pp. 231 . 240.1 
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Addendum 

PSEUDCiALLEI.ES, In xiew of rccont researches the topic of nmltijile 
alleli sm (page.s 19.5 2(1(1 needs further coii'idcrarioii. Brudly, the concepT of 
multiple alleles involves the occurrenee oi one to 'e\era! dill'erciit alleh-s at 
UUP loi’u.s of a chroniosoine. 'fhii'. in any or.ganisui an allele occur' in the 
homozygous state, either doiiiinaiit or reces'i\-e, in both nieiiibers of a paii' of 
homoli)o,jiis cliruiiio'Oines. or any two alhde.s of the multiple allelii- sene' 
ina}' occupy the same lucus in the heterozygou-s 'tare. 

As a rc'ulT of recent sTiidies un rnultiplo alltde' wdiirli have employed 
refined Tefdinique' for the i letectinii of eio"ii!g (mer, a modihed l oiii option 
of the iimtv ot the ,g'ei!e lia' been deveiojjed. 1 ho'e lo'caielie' liace shown 
that a very low percentage ol crci"iug over m tually occtii’s between 'onie 
allele.- of a locU' They ha\'e iieeu interprereil a' evidence that the mutant 
.genes of a multiple allelie ~erie' an- not alwav' at idenTical!,\- the ~a!iie 
lo( u' or part oi the locU'. They nutv be di'nnel and 'eparaie unit' but 
located very close togmher in a legioii ol a chromosome This new i-oni ept i' 
being di'cu.'sei! in tlie literature U' pseudoallelism. ( me author lui' rcterred 
To position pseudoalleles, rln-rr-by eiiipha'izmg the possibly 'lightly 

'iitYei'cnt po'itioiis of the 'ov'era! gi nes of a mn'.riple all.-be s.-itos m ohi-oino- 

'oiiia! 1 n )i 1 II d( igups. 

File newor idea' aboil! the getie ha '. >■ i ome ii om 't ud'i ' w ir h /o o'../,/ . 'c. 

\ I O' .aspoMi , nUli/.o and 't-'.-i-ia! ot}.' ; organisin' wliei.- 'aig.. numic f' nf 
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o’anietie combinations can be analyzed. The gene may possibly be more 
exten.;ii-e and occupy a larger area in the chromosome than formerly 
thought. Perhaps different portions of the gene may mutate. Most im- 
portant may be the sugge.stion that some genes hitherto regarded as dis- 
tinct, indifisible, inseparable units may actually be divisible and separable 
as shown in the behavior of pseudoalleles. The separable portioms of the 
genes may have arisen in the course of gene duplication and may function 
dift'erentially in conditioning the production of certain substances or in 
further activation of other genes. 
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section 5 


Influence of Multiple Genes in Development 


Hertiable characteristics of plants and animals, inc-liulitiu thii>e of man, may he 
designated as qualitative and quantitative. Examples of qualitative characters are 
colors in plants, sugary or starchy grains in corn, rough or smooth coat< of rodent^, 
and variations in eye color in man. In these traits there is a ditference in the quality 
of the character. While there are great variations in qualitative characters, trdits 
are generally sharph/ dijferentiattd with few giadations lietwcen them. Thu< then 
form a discontinuoiiti series. The progeny of hybrids between oruani'iiis dift'ering in 
qualitative characters may usually be grouped into a few sharjily contrasting 
phenotypic classes which in the Fo generation occur in numerical ratios i,f ] , 
1:2:1, 9:3:3 :1, or their modifications. The immediate genetic ba'is of (lualitative 
characters generally consists oi a single pair of genes or at most a few pairs of alleles 
in a gene complex (.Chapters 3. 4, 10, and Hb 

Examples of quantitative characters are heights of corn plants, lengths of ears 
in the several breeds and species of rabbits, and heights and weights of men in a 
given population. In general, quantitative charactcr.s are ineiisn reddi and yinn a 
continuous series with a great range of variation and many giadations between the 
extremes. The progeny of hybrids between organism- repre-eiiting exticmes of a 
measurable character generally can not be grouped into derimte cla-^es and Fj 
progeny of sucli hybrids usually can not be chissirL d into dtfmitt ratios. 

Early in the study of genetics, it became apparent that many measurable or 
(juantitative chaiacters were produced not by a single determiner but as the result 
of the action and interaction of twm or more [lair,- of geuc', wdiicli had ulentical 'C at 
least similar effeets. In fact, the development of many (qiiamitativo charaetcis result- 
from the action and iiiteiactioii of a relatively large number of liereditary units 
Furthermore the effects of many or these gene', but not all of them weie found to 
be additive or cumulutive in the development of the tiait,-. The terms d.iphrati 
genes, cnmudatiri gents, nioltiplt gtnes. and /Je/virt/es have been used to designate the 
groups of hereilitary units basic to many (iiiaiititative chaiacters. 

Historically, the hyjiothesi- oi multiple factois or multiple genes as an interpre- 
tation of the inheiitaiiee of certain roinpiex characteristic- w-.s dec-el, ,jied and pro- 
posed independently by NiL-son-Ehie in >wedi-ii and bv Ea-t in Ameiica 'iip. 247. 
251.. It is interesting to note that the hypothesis of multiple gene-. u-eiul in the 
interpretation of the inheiitance of quantitative eh.iiacteis. wa- actually .levelopeii 
as the result of studies in the mhfr.tauce oi qualitative iliffereu, e-. The iiucl.iinental 
pruieiple IS that a relatively large numbei oi geuc- .s coii,-eriie,i m the pi o, hetu ,n ,,f a 
single trait ..i ciiara.-teristi, . The multiple gene hypoti es.- ,s nai ta-uhirly apniicuhic 
to ti.e inheritance ot nio't qiiantitat.ve .-'...la'Iei- hut t, onlv a fe-,'. oualitatlve 
traits. The eaiiy work of Xils-. ,n-Ei.le aini ,i: East happened to i.e d.uie on qu..,!!- 
tative characteristics. 
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chapter 12 


Duplicate Genes 


In a .'itudy of the little plant .-rhephc!'crs-pur>e heluiittiiift to the >ieiius 
Barm or (’apat'lla, Shull found that plant.' of an Amerieaii specie.'^. Hurm 
hursa-pastoris, produced flat, trianfiular cap'^ulcr and tho,-;e of a European 
species, Buraa Ihyjiri. prodticed spindle-shaped cap.sule.s i.Fig 117). 
Hybridization between the-c two type< of plants pi'oduced Fi plants Ixairing 
the triangular capsule, which indicated fttll dominan<‘e over the spindle- 
shaped type. Selting the Fj plant. howe\-er, produced an F, genei-ation which 
con.sisted mostly of plant.' having triangular-'haped cap'ulc' and a \'ery 
few plants bearing the .'piiidle-shaped capsules. The Fj ratio wa,s detennined 
to be 15 plants producing triangular-shaped to 1 with .spiudle-.shaped 
capsules. 

To account for this hereditary behavior, it wa.s as.snmed that there were 
two pairs of genes, with the ih.mtinant member in each pair determining 
the production of triangular cap-ule.'. Since the-e two pairs of gene' have 
identical or chiplieate efrccts. they may be de-igiiated Ti-ii and Fjiou 

the assumption of full dominance and identical effects of these genes, 
plants which contain one or more of them in the dominant eonditioii, sucli 
as TiTiT-T-:, T\TiTJi. T^TitJ.z. or 7’dddj. will produce triaiignlar-'hapod 
capsules. Following segregation assorrmeiit. and recombination of the aene' 
ill the dihybrid. 15 of the 10 theoreiically po'^iblc F_ piunr^ contain at lea't 
one T and bear triangular cap'ulc' t )nly plant- with the aeiiotyjie 
occurring 1 in 10, produce the 'piudle-shapeil cap-iih' Fig 11^ Since in 
thi' case all of the T gene- have the -ame en’ect and one dominant aene. T . 
apparently ha- a- much effect a- TT. 'I TT. or even TT'TT. th(‘se type- of 
genes are called niniruiituliilii'i- duplicate genes. 


Duplicate Cumulative Genes 

Xil"on-Fhle of Sweden, mwst igatiiia the InheriTaiice of led- and white- 
alenrone ris'iie.s in wheat nraiii'. hvbriilized varieiiv' 'howina, the conira't- 
ing trait'. lie found thai the F-, nraiu' wen- i oloivd Inu of a ■vciiiic of red 
lighter than that of the dark-red-itiained parent. In the explanation of thi- 

-m: 
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type of factor action, two pairs of genes, R\-ri and R-i-r-i, were assumed to 
be basic to the production of white and colored grains in wheat. The red- 
grained wheat was thought to have the genotype RiRiRiRi] and the white- 
grained wheat, the genotype Following hybridization between these 

contrasting-color types, the Fi hybrid would have the genotype Rirjiiri. 
In the Fo hybrid generation there were various hues or values of red grains, 



Fii. il7, ^Hi I’Hr.ur/'-PT'i:-''. Ilrruv niK'. i-f i' ruui' ' ijr CaP'LLl.ci, 
f.i'fr, cntio' ehiTU. naht. tup. tc -lp>',v t!!a:cj,u!:ti' I'ap'-iile-- rluinictenstic of the 
Aic.Pi p ;ii; 'pt'i-H-' 

ilcpcndina npou the tjiiinber of iip-umplcrely dnniiiiant R genes in the geno- 
type' rhi-'i gfieitypc' and gitiin i-nlur' raugeil from IRRRR. dark red: 
\RRR''. fancy daik icd (SRRrr. light red: 4/f/-/-/', very light reil: to \rrrr. 
’.•.lute I ig 110 hen ,:’i i,i . lihis of riR i/niin^ frerc ijronpnJ to- 

r O' rill- rat!" '.a- l.I graiu' if 'nine hue of red to 1 wkitr 'jrain 
Till' ■' rile lyp'.ial I-') 1 diliv'.iid latio expected when two pair.-^ of gene' 
With ili’.p.irate ai Tiiin are mvoived in a ero". in Indian corn the aleuroiie 
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Triangular 
Copsul e 


Spindle Shaped 
Caps u I e 
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T'lo lls. Diagram of the Inheritance of CHARArTERi-TiCA Ba'ED upon Com- 
pletely Dominant Xuncumulative Duplicate Geni>. 

Thi‘-e genotypes eonilitinn the production of an FC of jilants with triainjulai 
ca:i-'i!t‘- and plants with spimlle-sliaped capi^ulcs in the ratio of lo.l. Trianauiar 
Type- tioii! native material: spindle types from plants grown ironi seeds fiirru-hed 
by Geoi'ge H. Shull.) 
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color in wheat is a seed character, and the F; phenotypes are eA'ident in the 
grains containing the F; embryos. The grains produced on the F i plants show 
segregation into the classes of color values of the F; generation. 



63 : I 

Fio, ll'i, DiAOKAM Indicating A( < umclaji.in hi i hi; Cmi.'ik ('ionl'. "Ri-r.. " 

CNl) '■ H -r ,. IN ( I F.Ni )TYPn' IIF mr. Ui.NIUAIDcN Fnl.LnWINr, CnO'SES 

of Variltik- of Whlaf wuh Red and with Whit i UraiN'. 

In further .studies Xihson-Ehle obtained additional varieties of colored 
wheat, especially an old one with very dark-red grain' from the north of 
Sweden. tFheii he U'cd thc'e plaiits iii his cro"es. he finally concluded that 
at least three pairs of genes with simihir or duplicate acrirjn were concerned 
in the inheritance and development of grain colors in wheat. His experiments 
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indicated that in addition to and R- 2 -r- 2 . there was a third pair. R—r.;. 
The term triplicah gims has sometimes been used to designate such a group 
of hereditary units. When all three gene pairs are involved in a trihybrid as 
Rii-iR-yr-iRarn. the Fo phenotypic ratio is (33 grains showing various values of 
red to 1 white grain. The values of red in the colored grains result from the 
cumulatit e or additive effects of the incompletely dominant R genes in the 
genotypes. If two pairs are heterozygous, the third pair being in the homozy- 
gous recessive as Rii'iR the ratio is 15; 1. If only one pair is hetero- 
zygous, the other two pairs being the homozygous recessive as Riri'rir^r./ 
the ratio is 3:1. In all cases. (>3:1. 15:1. or 3;1. the red phenotypes show 
various hues of red grains, depending upon the number of duplicate color 
genes. R. which are rei-ombined in the genotypes. This situation differs 
from that of the cattsule form in the sheplierd’s-ptirse because of the incum- 
plrte flominancf of the R-r gene.s. 

YELL* )W ENDOSPERM OF MAIZE. Of numerous endosperm char- 
acters in corn or maize, that of yellow color in the common \'arieties of tield 
corn is well known. The grains are typically of several hues or value' of 
yellow c()lor which are sometimes difficult to classify. In early interpretations 
of the inheritance of this character. East suggested the presence of two pairs 
of genes that appeared to be duplicate and cumulative in their effects. 
This work and that of Nil.sson-Ehle in wheat are of historn-al interi'st East 
completed and published hi' early repi.a'ts on this type of multiple factor 
withotit kiiowleilge of the results olttained by Xils'on-Ehk' on the same 
topic. They were thus pioneers in tht' devt'lopment of the multiple factor or 
multiple gene hypothesis. Later investigations have pointed to a third pair of 
factors involved in the production of yellow entlo'perm. Mangelsdorf and 
Fraps have concluded that there are 3 genes for the yellow color. The gene.s 
may he designated as V F.-'/o and ]’.-// then the giaiotype //o/o/j.'/j.'/ . 

conditions white endosperm, and the- (i possible genotypic combination' of 
1 w ith the recessive gene i, condition the variou' hues of yellow endosijcrm. 
In the Fj iieiieration. a' in the lai'e ot keriud color in wlu'at. the genetic 
recombinations result in til theoietically possible genotype'. ( >f these. t'i3 
Would cdiidition 'Oimc \ alue of yellow, anil the 1 with the b rece"i\'e gene.s 
,'/ would conilition the white endosjjerm. 

Aniii in IN' \L Lxwi'i.ns or Di'pcoaik <u,\k Aiiio.ns 

IIEIltllT IX .'WEET PEA.'s. The inheritance nt height itnd rrnin lu seine 
t aiietiC' 111 sWeet pen' wn' stiidieil tiy Bnte'Oii alid Puiiiiett in Englaini a- eaily H' 
UlUs. .'ueiU peas lu.iy be tall m ilwaif. The dualf type' oeetii in twe leiiii', (jiie n 
dwnrf-hu'h type niiii anethei ilwari-jiri.'tinte pilniit ealle.l •'(Upid.” heth lece-'U-e 
to the tali leini. Hybi 'ilizatnm between the stniidard tall plniit' and either one el 
the dwai! type' nieduced a tali F. plant. Seiied F jilaiits yielded an F, geiieratn ii 
ceii'lsting ( c' e Tail te 1 rlw'ail plant ThU' the d'tfeiein-e Ketweeii eaidi ef the dlv.ar! 


ti a ill' .nil 1 X. 

lie 'talldald tall le.’in '■euij 

he exolaiiii 

si hy the a> ta m i a 

a "ihiia' |»a 

;i e: 

ueiies. Ilyi,] 

I'iiZatiiili el t!.c ib\ .11 1-nil'h 

and the d 

[■.vari-cupa 1 tyic— \ 

»: ( M iucei 1 ;t 

n 1 

plant whirl 

W.l' tali. F’eiieW mg scitllig 

e;' rills F 

the F_ geiiiaatieii 

t • ai-j-tt*- ! 

el d 
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tall plants, 3 prostrate-cupid plants, 3 bush-dwarf plants, and 1 cupid-busli dwarf, 
which was a small erect plant of cupid type. The bush dwarf was assumed tu have the 
genotype bbCC and the cupid the genotype BBcc. Hybridization between the two 
dwarf types involved the genes from both genotypes, bbCC and BBcc, in a dihybrid 
combination. Thus the tall Fi plant has the genotype BbCc. The combined effects 
of the dominant genes B and C from both pairs of alleles resulted in the standard 
tallness. Segregation, assortment, and recombination of these two pairs of genes 
tollowing selting the Fi ])lant, re.sulted in the production of the genotypes indicated 
in Table" XX^^^ 

Table XXV 


F» Resl'ltixo from .Self- 

POLLINATIXG AX F 1 

Plant ix Sweet Pe.xs 

i 

ricnotvpi-s -iBbCc 

2Bhrc 

2hh( V Ihbcc 

2BhCC 

\HBrc 

IhbCC I 

2BBrc 



IBRrc 



Piicnotyix-^ 0 srandnrd tall plants 

3 cupid dwarfs 3 

tiiish dwarfs 1 cupid-bush dwarf 


HEK-illT IX BR( )OMC(.)RX. In bi'o<unconi. an agricultural crop of coii- 
>iderable economic importance in certain sections of the United States, varieties 
differ m size. There are the standard tyiie, attaining a height of about 103 inches: 
a dwarf variety known a'; western i iwarf, about 62 inches : and a smaller dwarf variety, 
the whisk-duart type, only about 41 inches in height. Sieglinger found that when the 
^tandar'l type was ci os<ed with either the western ilwarf or the wliisk dwarf, tliere was 
proiluced an Fi of standard size in each ca.se. and the F: consisted of 3 tall standard 
tvpes to 1 dwarf typie. However, when the two dwarf types were hybridized, the Fi 
was standard size. The I'l X Fi piodui-ed an Fi; generation in the ratio of 9 standard 
-ize (103 inche>i:3 we^tern dwarf (02 inchesi:3 whisk dwarf (’Ll inches):! double 
dvarf (2o inches or les.s in height). 

Two gene jiairs, A-a and Jj-d. were jio.stulated by Sieglinger, the genotype of the 
western dwarf as AAiJd and the genotype oi the whisk dwarf riaDT). Hybridization 
between the two dwarts brought a dominant height gene from each dwarf plant into 
the genotyjie of the F; hybrid plants. When F: plants of genotypes AaDd were intcr- 
pollinated. the expected 10 F-j genotype^ w ere produced as shown in Talile XXt I. 

TahU XXVI 

r. Ill -rLiiV'. iKoM PoLi.iNAir.M. 1 HE Two F. Hvbhihs ix Bkoomi or.x 


(rrfiot\pts 4Aul)d 2Aafbl liiad/I 

■2Ar,l)]J 1.1. bW \nnDI) 

2AAD'i 

]AAI>I> 


Phmot'.'P"' ron.l.i- sTimdard 3 w'osrrrn dwarf 3 wdiisk dwarf 1 double d« an 

tioii. d 103iuchtS' 02 mchts ill inclu's '2,)irii'he' 


(■()AT ( '(»!.( »ilS IX UURtK '-.IERSEY .SWIXE. An interestiiu; type of in- 
i .CI it.iiii c vii-.d.iiii an nm;-uai F_ i atio has iieen foiiml in sw inc. BreeiK o! -w ine may 
be ih'tiiicu.'hfb l/v typical c.iat '•oh.:^ A red coat is c hanicteristic in ti.e Dni'oi-- 



P Kin 

'erent srenDtype?, .1- 
ei action of -1 and B 
hi' iipneration. The 
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Jersey breed, but in certain strains off-type sandy individuals are found (Fig. 121). 
An investigation was undertaken by Wentworth to determine the inheritance of 
the red- and sandy-coat colors in the Duroc. The sandy strains of Duroc-Jersey 
always breed true but produce red Fi progeny when mated to red strains. The Fs 
of such matings show 3 red animals:! sandy, establishing dominance for red. How- 
ever, when two different strains of sandy Duroc-Jersey swine are crossed, a red- 
coated Fi progeny is obtained, but mating Fj X Fi produces an F-j generation of red- 
coated, sandy-coated, and white-coated individuals in the ratio of 9 red: 6 sandy: 1 
white. Wentworth assumed that the two strains of sandy Durocs had different 
genotypes, one SSit and the other ssTT. In a cross between them, the dominant 
genes of both genotypes recombined in the Fi as SsTt resulted in the normal red 
coat of the tyjiical Duroc. I'ollowing the mating of Fi X F,. the members of the two 
pairs of genes ,?-.s and T-t were recombined into the Iti Fo genotypes. There were 
9ST, red coat : 'iStt. sandy: 'SssT. also sandy : and l.s.sff u hite coat. 

Questions and Problems 

Dat.i ox Dcplic.ite Ocxe.s 

In tlie sliepherd's-purse the triangular form of capsule is conditioned by the 
action of two pairs of noncumulative duplicate genes, Ti-ti ami fj-fc. There is com- 
plete dominance of these genes. 

In wheat the color of the grains is conditioned by three ]iaii.s of factor' or tripli- 
cate genes. R^-r^. and These genes show a cumulative effect. White 

grains aie conditioned by the triple recessive rir'_r ,r .. The yellow endosperm of 
crini grains is likewise conditioned by three paiis of factors or triplicate cumulative 
genes, F 1 -// 1 , To-//;, and Yz-iu. The triple lecessive genotype !jiij\ihii-yjJj , conditions a 
pure-bi'ceding jilant with white endosperm The dominant )’ gene' condition yellow 
endosperm. They are cumulative in tlieir action. 

1. Hybridization between a sliepherd's-purse jilant with tnangiihu capsules, 

T\TxT/i and one with spindle-shaiied capsules. result' in the productii.iii 

of an Fi plant which has triangular capsules. t''onsi(lering the actum of thc'c 
genes, determine the Fc phenotypic latio. 

2. Hybridization between a strain "f wheat. RiR<r rtr.r producing light-red grains 
and a strain rxi\r .r-r.^r .. iiroducing white grain' yield- an F-. moriohybiui. What 
will be the 'egregatioii of red and white giaitis in the Fs'? 

3. Hybridization between a strain of wheat. R R<R iR r r prnduemg red gimiis and 
a strain .;f wheat. I'xr-.r .r :i':i .. producing white grains yields an F-. diiiyluid geneia- 
tioii Following ,'eli-])ollination of the F-. plants, what will be the segregation of F: 
phenotype'? 

4. Hybiulization between 'train' 01 wheat. RiRiR _R 'Rx.R prodiu-iiig red giaiii' 
and '■[/•jiv/- /• , produeing white graiii' yields an F- trihybrid generation. Follow- 
ing 'ell-polhiiatioii of the F, plants, wdiat Fj phenotyjjcs may he expected ? 

o. .Assume hylii'iilization botvceeii two strains of wheat iirodui-ing veiy light-red 
giaiii'. R ■ R -j' ir -,r y. r-fif E.xplain tlie factor action which conditions 
the IF ratio. 

h. \ eili )W' and white gi ain.s of eoru occur in a 3 : 1 latio in monohybrid cn involv- 
ing a 'ingle paii of the duplicate genes a- Y . What Fj ratio may !ip expei-ted 1 : 
two lerir- ot these geiif' a' )',-v and Y_-‘i_ are invoh’C'l ui a 'liliy’oiuj eo,--'’ 
E.xpl'iiii tlie action ic these gene'. 

I \A hat F^ ratio rii.-iy i.e expei-te.l rolioumg hybiidizatioii of a \;u':ety ot yellov, 
‘■orn, } 5 ] _i'.} ,F;. and a variety of white corn, t Ext'iain thf- 

action of the genes. 
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Data ox the Actiox of Certaix Other Types of Gexes with Duplicate 

Action 

The red coat of Duroe-Jersey swine has been found to depend upon the cumula- 
tive effect or the interaction of two pairs of genes, 5-s and T-t. The sandy or light-red 
coat in this breed appears to be conditioned by the action of the dominant gene of 
one of these pairs of genes acting alone. Thus sandy coat maj' be conditioned 
by or iS-s and likewise conditioned by TT or Tt. The double recessive of these 
genes, sstt. conditions the white coat. 

Similar duplicate gene action has been found in the development of height in 
the sweet pea and in broomcorn. In the sweet pea the dwarf-hush type is conditioned 
by the dominant effect of B in the pair of genes B-h. The more prostrate dwarf or 
cupid type is conditioned by the dominant action of C in another pair of alleles. C-c. 
The tall or standard sweet pea is conditioned by the combined effect of the dominant 
genes of both pairs of alleles, B and C. The double recessive, bhcc^ conditions an 
extreme dwarf-cupid-bush type. 

In a quite similar manner tlie height of two types of dwarf broomcorn, western 
dwarf, A.4dd, and the whisk dwarf, aaDD. is dependent upon the action of the 
dominant genes of a single pair of alleles. The combination of the dominant alleles of 
these pairs in a genotype as AADD or AaDd conditions the development of the tall 
or standard broomcorn. 

S. Following mating of two strains of sandy Durocs, SStt and ssTT. the Fi genera- 
tion develops the full red coat. Following the reported action of these genetic 
factors, calculate the expected F- ratio. Explain the factor action. 

n. What I'A ratio may be expected following eros.sing a typical dark-red Duroc- 
•lersey and a white strain? Explain the action of the factors involved. 

10 BaTC'on cro-rcd the hush and cupid types of sweet pea. Explain the modified 
Fi ratio which lie ohtained. 

11. Sieglinger cro-sed the western-dwarf anil the wlnsk-dwarf types of broomcorn 
and found that the Fi plants were restored to full standard height. Upon self- 
pollinati' in. the F; yielded an Fh generation. consEsting of tall, dwarf, and extreme 
ilwaii types, ('dti'iilt p. 2.')2 for height.s of plants and explain the modified ratio. 
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Quantitative Characters and the Multiple Gene 
Hypothesis — Inheritance of Differences in Size 


East followed his early work on duplicate genes with a series of investiga- 
tions oil the inheritance of such quantitative characters as corolla length in 
flowers, the height of plants in a field of maize, and the size of grains and the 
length of ears in maize. A.s a result of his studies, he contributed to knowledge 
of the inheritance of measurable characters and to the establishment and 
exten.sion of the theory of multiple factors as a working hypothesis. Besides 
East’s work, among early investigationsofinheritanceof ciuantitativecharac- 
ter.s in America were the studies of Emerson on sciuash fruits, beans, and 
Indian corn, of Emerson and East on size inheritance of maize, and of Castle 
on measurable traits of rodents. At about the sanu' time Punnett in Englanrl 
published his results on the inheritance of weight in fowls. A. Lang of 
Switzerland also added a suggestion of multiple factors or genes to explain 
size inheritance in rabbits. 

INHERITANCE OF COROLLA LENCTII IN TOBACCO FLO WEILS. 
East studied species and varieties of the genus Xicoliana or tobacco which 
differed in corolla lengths {Fig. Iddi.’' He hybridized two species of Xicofiatia 
that differed in flower size with mean corolla lengths of mm. and T.s.S 
mm., respectively. The flowers of the large parental type. Xirotiutm alatu 
var. grandiflora. were about three times as large as those of the small 
parental type. .V. forgrtiana. and the Fi plants re-ulting from their cro-.s had 
iiitermediate-sized flowers with a mean corolla huigth of 44 mm The Fj 
aeneration (Fi X Fi), however, was extremely variable with a range fimm 
the small-flowered to the large-flowered parental types. The Fj plant- could 
not be arranged into sharp discontinuous classes but formed a continuous 
-enes of size- from large to small. 

“ Kulr.'iocr aiieut 17tj0 investigated inheritance o: dower size in ,V,..c m n. iic n!- 
s-rveii t!ie in-en,!edi:ite F; gf neration ami the wi.ie r.ange o: varianon- ■ n,ar;icri--r:-f ic oi 
‘hf F_ plants i.ut wa.s iinahle to arrive at definite cuni-hisiens as to V.., mettidd ct in- 
Kcrita.'iis. of flijwer size. Later Last repeated Kulreuter's werk as a part of his studies ,,f 
luultipie gr-ne.s 




I-'ti. A ( K-i" I\TiiI\TXr, "^I/r IIF P'l.clWr.R' IX TnH\rC('). 

P , n. i ' 1 ■ - ' R A ‘i n,t! A iiminit ‘‘(/rii. 1' lower of the 

1-X i-ri -./r- . .f tio-. ,1, , froiTi F.iihint- ■ Moihfiei i .liter Ka-t , ironi /io/fie . 

LV. I'.ii ; 

111 r!;'.' a: ii! oi'inr ra'f' in tnliaoi-o where Ka-r \va' uiiahle to lii'- 
• iiiuo 'h pht” o- % p.o I I lata ti'i im a iTu" iue'ui Iniu: h > , h j, anil h li'en- 

era'I,.;, ..-io o ,.vro.i ~T,.rpri. ally He I hen a"Umei i t hat tour or i! ve j lalt' 

of p.i o:ii,i ly li in;!:;.!'..’; ^enc~ i i aalirh iiua ! mruila leiiu:th. eaeli one ex- 
orMpo o’ a ■ n "'a i i e eni 'ize development 
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QUANTITATIVE INHERITANCE IN HAIZE. Emerson and East 
reported their early investigations on the inheritance of quasititative char- 
acters in Indian corn or maize. Cros.ses were made between Toni Thumb 
popcorn with average ear length of b.fi cm. and Black IMe.xican 'weet corn, 
average ear length of 16.8 cm. The F: hybrid between them had ears of 
intermediate length, at'eraging about 12.1 cm., but the lb generation was 
variable with ear length ranging from 7 to 21 cm. The extriane' of the Fi 
ranges were accounted for on the basis of recombinations of the genes con- 
trolling ear lengths. When .selected Fj plant,' were useel a' parents of the 
F:i generations, it was pos.sible to obtain F„ families with restricted ranges in 
ear length. All F - families tended to be less variable than F_. families. 

Besides the investigation of the iuheritanci' (tf ear length in maize. 
Emerson and East reported their studies of the inheritance of the miniber 
of rows of grains per ear, the diameter of ears, weiglit of seeds, bivadtli of 
seeds, number of no<les per stalk, iateruode length, number of 'talk' per 
plant, combined total length of stalks, and height' of plants. The investiga- 
tions all iudii-ated dependence of these mea'urable characTeiUtics upon a 
series of hereditary uiiit.s which were cumulative in their etiects. 

In oi'der t(.i clarify their conception of the action oi multiple aenc', Kmei'ou and 
Ea't jiresented a h 'l/xitht lioil e.xample of two plants, one a'suiucd ti.i be 12 im he' 
and the other 2s inches tall. An unknown group of genes, a' A'l'Z, was jio'tulateil to 
be cummou to both and lesponsil.ile foi' the devdopiiieiit of the fii't 12 iin he' in 
hedght in each of the plants. Tlie additional Itl midies of the 2s-iiii'li pl.mt wcic then 
determined by a single pair of incompletely dominant genes A-u. iiiakiug it -LI and. 
for the 12-inch one, an. A cross between these two plants would pioduce an ;nter- 
meiliate F,. An. atjout 20 inches m height. Three plienotyj.nc ehi'-e- would be e\- 
pected To occur in the Fj generation. .1.1 = 2' inches: An = 2o incla-': mi = 12 
inche'. Upon this a'sunijitioli each .1 gene wouM have a heiglit-determining value nr 
s inches. 

Or the as-umptioii may be nnole that the lb-inch increment of the 28-;ni h plant' 
Is the result of the action or two j}aiis of rdlelii- genes, .1-/; aini [i-h c.ich paii iin oin- 
jdetcly ilonnnant and eacli .4 oi B gene having equal height-dcteim.iiing wiluc ot 
4 iinlies. In thi' case the Fi. AoBh. generation u abi. 20 incbf' tab .Althoug! them 
are nine po-sihle genotypic ;ei-oii!bination~ 'oiue of t!;em .ne 'luniicatioii' of hciglit 
effects. The Fj geiieiation would be e.\]>ecteii to have rive ( !a"C' 2' 24. 20. lo, and 
12 niche' tail in the ratio of l:4:tj:4:l with each of tlw paicniai tyor' c\pi-i-tii! 
oiicc in sixteen iFig. 123'. 

A principle in the i-oiiceptioii of multiple gene' is that U'Ually uiti; ad'h-.l jjaiis o; 
allele- in tlie develo],ment of a trait tlie etiVet oi each gen,- L-- Wht!: tine- 
alleles a' .4-'/, B-h, and C-r involved in the developiut-nt "[ hogi t iic o-ment <•: 
lb inches the nunibei of Fj jihenotyinc el, uses wo-in-l be metea'e.; r-i -even ; no . ;tci 
-4. B. and (_' ractor would exeit a l.eignt effect oi 2^ ; .nci.g--, \\ i;,--, 'icn .ilicm- ji.o!-. 
a' .1-0, BAj, C-r. and !>-//, are a— umed to '-c invoixo',; mne F_ p!,,-]c.ryji.-- i c- 
may be expected with t!ie influence oi each. .1. B. C aid 1 j . re-lac-i r.i only 2 "c i c- 
Ttos rcLitioiisiiip contiimes witii increasing iiumbe;- p-i :- 

lo gain an appreciation of situations invoivir.g muhipie gone-, ir i- 
heipfui to recall the relaiiori'hip betweei th-- nunib,-;- jeo,, ,,i g--:.,.- ;n- 
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volved in a polyhybrid cross and the number of genotypic recombinations in 
the F 2 generation. \Yith a single pair of genes, there are 3 genotypic recom- 
binations in the ratio of 1:2:1; with two pairs of genes, there are 9 possible 
recombinations in the ratio ofl:2:l:2:4:2:l:2:l. Thus, as the number of 
pairs of genes increases in polyhybrid cros.ses, the number of gene recom- 
binations progresses geometrically as 3. 9, 27, 81, 243, etc. With five pairs 
of genes postulated, as for one of the tobacco cro.sses, according to YIendelian 





(XYZ) t AoBb ■ 20" 



Fig 12:1 Dicgrcm gf Cfmvi.ctive Effects of Two P.ciR' of Incompi.f.tf.i.y 
Domina.nt ,'SizE Glne^. "A-a'' .and “B-h." 

Gciit'-s A and Fi each have a value of 4 inches in determination of height in the 
hv;« 'thctical [d.int' invidveil in the cros-. The Fi plant is internierliate between the 
paiental tyiic-. The F. gener.ation shows 9 genotypic classes conditioning ,5 groups 
diffeiiiuc phenotvpically in r-ize. The ?izes of the F; plants ransre from 12 to 2s 
inrlics in heiudit aini reduplicate hoth parental types. CModified after Emerson and 
Ea-t.) 


prineiple- there would l>e 1 .02 1 genotypes in the F; generation. Among thc.'e. 
21:-! di.'tiiii-t biotype- or genotypic combinations capable of phenotypic 
expression', could be expected. Kecombinatioti of parental genotypes would 
be late even in fairly large F^ populations. In a cross involving five pairs of 
genc', the expeefatioii would he 1 genotype of each parent in 1.924 F: re- 
enmbiiuitioU' A mui'h larger F. population than this might be needed 
actually to legaiii the parental type-. 

Tdth iiieomplete domiiiuiice lietween each of .'Ct eral allelic pah' of genes, 
each one having only minor effect, there would be a tendency markedly to 
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increase the number of phenotypic classes over the number expe('ted with 
full dominance (pp. 66, 94). When the genotypes are numerous and there 
is incomplete dominance between most of the allelic pairs, a very large 
number of only slightly differentiated phenotypic classes might be expected. 
With added environmentally induced variations, the continuous series of 
size forms can then be accounted for. In multiple gene crosses there are too 
many phenotypic groups to classify in the ordinary Mendelian fashion, and 
it is customary to analyze the filial generations statistically (pp. 250, 293). 



Fig. 124. CoMp.^R.iTn i; Size of Fowl«. 

Ltft. a hlark Ro.'e Comb Bantam cock weiKhinir about 20 ounces: rigid, a .Jersey 
Black Cliaiit cork weighing 1.3 pounds. Large difference.' in size appear to l.c in- 
herited in cponietrie proportion, as 2, 4, ,S, etc. (C’ourte.sy. A. 0 Scinllinc. i 

IXHERIT.VXC'E OF SIZE IX FO^\XS. Since size of dome.'ticated 
animals is of economic importance, .studies of the inheritance of size have 
received considerable attention. Many studies have l)een conducted with 
laboratory indents such a.s mice and rabbits and with donie-tic fowls. Fowls 
are good experimental material because of their rapid reproduction, cheap 
inaintenance, and economic worth. .Vmong breeds of domesticated fowl'. 
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there are eonbpicuous differences in size. The Jer.sey Black Giant which 
weighs about 13 pounds is approximately eight times the weight of the Rose 
Comb Bantam, only 20 ounces (Tig. 124). Other breeds also differ in size 
but in most cases to a lesser degree. Besides its practical value, study of 
bodv weight in fowls has yielded important information concerning the 
role of multiple genes in the development of measurable characters In 
England Punuett, who was one of the earliest imestigators in this field, 
cro-'sed small Siher Sebright Bantams with large Golden Hamburgs (Fig. 
12.1 i The a\'erage weight> of the Sebright Bantams were 750 grams for the 



FlO 12.') t'w.MlMK.IlIVK .SlZL oF FnWI.- 

/,»//. .silw-: sn.cwf-'l H'li.tbini: '-(.rk weighimr abciit l.-'-fiO grams. Right, .■'ilver 

Seiciabt ftc.r.uii .ibeut 7.')0 ataiii'. Tlie larner breed is thm about 

rv iM t’h' -!/!■ rl i‘ Si_,.,|l .litTereuees m size apiieai to be inberiteil in 

:i! ;rbii I'rii' i ,■ d, n i| t l■••l i‘i iti a iiineh .idditice la-liiMii, a* 2. 4, (i, s. etc. iC'ourtesV. 
.t, I I ) 


male and (ilib cram' lor rbi- icniale In the llanihurg breed the males weighed 
ii'i ihe a,' t ragt ’ ..!•'>(> araiii' aiul the remale- 1, 100. about twice the weight ni 
llie -inadei re, ed .Vvei.-.oe -.-.emlit- of the F. maU-' and female', which were 
net'.MC!, 1,200 I,:,, I 1,000 diani'. v.eie ii ■ teritieduiTe bmweeii the parental 
T vpc' i ,1.1 I ei’ I er T be [a ruei' ] la inburu 'i/e The f pi.ipu iation 'll owed a miieh 
wi,i,'r r.i! ae o: -v, ;._^h’' itiai, the F- bur a 'imilar am-raue. There were F_ 
nalncidua’' .-. 01 , 'inaiiei rh.in the bantam parent and other' tliat were 
iaiae' th.i'. 'ire Itam’o'ug Ii; 'lie, * e, iioc; genera 1 1 oi 1 ' U was pO"ible to 
e'r,,!.:.''i '-ran.' • i.c h aenet'.|,/y pine for thc'c smaller ami largei 

'L'c' a' e . a- s,>!n' 11,^ eriueOia t' i ia"e~, 

d'be ael,e»' si I’oe’Tiret ■ri.n, , ,t tloU Ot i lo, i I'.eight iiieluded the 
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assumption of four pairs of genes, A~a, B-b, C-c. and D-il. with the dominant 
alleles, ABCD. iiiflueneiiig the development of large ^ize and the reee.^3i\'e 
genes, abed, small size. The Sebright-Bantam breed then wa.s considered to 
be homozygous recessive for three of the four pairs of size genes and homozt'- 
gous dominant for one pair, aabbccDD. The laz’ge Hamburg breed was con- 
sidered to be homozygous dominant for three of the four pairs of size genes 
and homozygous recessive for one, AABBCCdJ. The Fi generation thus 
would have the genotype AaBbCcDd. If the size genes were incompletely 
dominant, this genotype would be expected to condition the development 
of a type of fowl intermediate in size between the two parents. The Fi actu- 
ally was of intermediate size but nearer the weight of the larger parent than 
that of the smaller. In the F-^ generation, produce<l by mating Fi X Fi, 
the four allelic pairs, A-a. B-b. C-c. and D-d, would recombine in all possible 
ways, with a few fowls containing the quadruple dominants, AABBCCDD 
and AABBCCDd. and a few the quadruple rece.ssive. aabbrnid. These iiuii- 
viduals would be expected to be larger and smaller, re'pectively, than the 
parental types, since they have the influence of all the dominant genes in 
one case and of all the recessive genes in the other. Neither of the two 
parents hail the genotype characteristic of the Fj extremes. 

Later Investigations in Size Inheritance and Some New Concepts 

During the past .several years, investigations ha\'e been conducted with 
material in which the larger parental character was from lb to more than JOl) 
times as large as the smaller; those studies invohing mui'c extreme-size 
differences have ret'calcd aspects of size inheritance not fotind in the work 
with more moderate-size dift'erenees. 

INHERIT.INCE OF EXTREME-SIZK DlFFKRKNt'ES. Mac- 
Arthur and Butler and later MacArthur contributed to the 'tinly of multiple 
genes. They reviewed and criticized past eouelusions ot size inheritance and 
ottered further interpretations. 

In earlier studies with only small— ize difiereiiee'-. erci— c- yielded I 
tteiierations intermediate herwi'Pii the paretitai type-, approximately the 
aritlimetie mean of the jiarental type~ ipp. 2.')(. 2til ■. 1 he older lesult' were 
generally interpreted on the basis ot (li -mci re/ '/< m ■■'. which 2- a ere uicuni- 
plifilij iluminant. thus producing intermediate'' or ‘'bieich It w;i~ aho 
a—nmed i3,t that these genes had approximately i.r,- and F had 

an addifivf or cmmdcitivt ‘jjnd in the development ot a trait t 'nniularn e 
action.s of the numerous genes recombined in tlm aenot Ape-- aa'.a- n-c 'o the 
highly variable Fj generation, with it- extreme- appn'oaciiinu rh*- -i/e- of the 
large and -mall parents. 

Later researches have been eondiicfed on the inheriTnucf oi inucli arcafei' 
-ize difference-, a- tor f-.xampie the -tze ot truit- in tour ’.ar-ctn*- oi r.irncoo 
that had been self-pollitiated lor 12 to 20 senct.oi.H;- ami '.'.crc c, .n-.', itned 
to be highly homozygous for size genes. The Red (. urrant prcidiicd iruits 



0.8 grains in wei 
strains, Xo. 902 
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were therefore m 
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the cross Red Currant (weight 0.8) X Yellow Cherry (weight 3.6). The 
Fi plants produced fruits averaging the square root of 0.8 X 3.6 = 1.7 
grams which is the geometric mean of the two parents. This is in contrast 

4.4 

with the arithmetic mean of 0.8 + 3.6 = — = 2.2 grams which would 

have been expected for an intermediate F i. Table XXVII shows that similar 
geometric means were found in five of the .six possible hybrid combinations. 

Tahle XXVII 


Weights of Fi Toii.\to Fruits iv Ur.cms 


Fi Hybrids 

Oh&erved 

Geiirn. Mtan 

Arith. 

Mt 

R. C. X Y. Ch. 

1 7 

1 70 

2 

■2 

R. C. X 902 

7 8 

t> 6.3 

27 

85 

R. C. X Tang. 

to 7 

9 24 

53 

8 

Y. Ch. X 902 

14 4 

14 06 

29 

25 

Y. Ch, X Tang. 

19 4 

19.61 

55 

2 

902 X Tang. 

09 8 

76 57 

SO 

85 


Only the Fi hybrid between the two largest-fruited \'arieties, Xo. 002 
(weight 54.9) and Tangerine (weight 106.8), with relatively .'mall differences 
in size, departs from the geometric mean. Mac.\rthur points out one of the 
observations in earlier work on size inheritance, namely, that parental types 
differing only slightly in size tended to yield intermediate hybrids of con- 
siderable variability. His explanation is that in the cases of small differences, 
fruit size is conditioned by the interaction of minor genes and accessory or 
modifying factors, not by major or basic factors or genes. 

MacArthur shows that the substitution of the genome or gametic set of 
chromosomes, with the associated size gene', of one variety for that of 
another type in the crosses increases the size of the Fi fruits by a definite 
multiple I Fig. 126). For example, if the Yellow C'herry variety is substituted 
for The extremely small Red Currant variety, the fruit sizes of Fi in all 
crosses is about doubled, .'substitution of variety 902 for the Red Currant 
type results in a ninefold increase in the Fi fruit sizes in all crosses. The size 
genes in all of the varieties used in the experiment were shown to have a 
'imilar geometric effect on the sizes of Fi fruits (Table XX\Tr). MacArthur 
emphasize.' that size in living organisms depends upon cell numbers and cell 
'ize. Cell numbers are increa.'ed geometrically by cell division from 1 to 2, 
4, 8, 16. etc. Probably the increase in cell size is also geometric. Possibly the 
actions of the 'ize genes determine the development of additional or more 
active growth substances which stimulate or control the rate of cell divisions 
and the amount of cell expansion. Because of these relationships. Mac- 
.\rthur lavors an interpretation of the cumulative effects of size genes on a 
geometric ba.'i' rather than on a purely additive or arithmetic basis. The 
idea of the multiple effect of size genes has been further confirmed through 
iiu'estigation of size iniieritancc in mice. 
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THE ACTION AND INTERACTION OF :\IULTIPLE GENES. 
Ca.stle ha.? made extensive .studies on the inheritance of quantitative char- 
acters of rodents, such as .size inheritance in rats, mice, and rabbits. His 
active work has extended through a long period, from the early time of 
investigation of quantitative characters to the present. He has contributed 
to the thought of the entire period. 

Ca.stle considers doubtful the existence of specific size genes of the sort 
usually assumed in explanations of ciuantitative inheritance. Possibly there 
may he genes that act to influence growth of an organism as a whole. The 
.-^ize of a plant or an animal may be the incidental consequence or the 
resultant of the diverse actions of many pairs of genes. Goldschmidt in his 
Fhijsiuloyical GcniJics pictures the development of the individual as due to 
reaction rclucitiis in time and postulates further that the reactions involved 
are catalyzed by genes or their products. Since size is dependent upon cell 
division.s and cell expan.dons, these reaction velocities may be significant in 
determining the number of cell divisions anti the rate and degree of cell 
expaiuion^ Po^.-'ibly the multiple gene complex underlying the inheritance 
and development of measurable characteristics con.sists of a large number of 
geiu'.' with many different actions aiul interactions. There may be basic 
genes determining the development of certain trait?, supplementary genes 
acting a.' motliliers of characteristics, and ?ome may be duplicate genes, 
cumulative in their action. Probably .^ome genes act as accelerators of 
growth, as C’u.'tle .'Ugge.-ts. while others may act as epistatii.' factors and as 
inhibitor> of growth. 

Cr-MFL.VrD'E .VCTION OF Ml'LTIPLE GENES. Powers, in a 
>erie' of article', ha.' empha'ized that multiple genes influencing size differ- 
ence' and al'(.) phv'iological difference^ leading to early and late det'elop- 
meiit of plant' show evidence' cu’ factor interactiiias. He considers that the 
pre.'Cncf' and nature of thc'C interacrions or the entire absence of factor 
intei'actioii' (hTerminc' whether the geties ihow cumulative effects in a 
geometric or arithmetic purely additive- maimer. Accordingly, if there i.' 
no iiircracri(.)n umona the geiiC' prim-ipally concerned in the development of 
the character, their effert' are ctimulatic’e in the phenotype, as additive 
effects in an arithmetic iirogre"ion. The increa'C in 'ize or quantity of the 
character i.' arirhmetii-aily cumulative, that i?, by addition as 2. 4. b. S. 
etc .Vii example of thi^ action i' found by MangeUdori and Fraps m x-ellow 
endo'perm of corn wliere the vitarain-A unit? per grain increa'ed ap- 
proximately 2.2.”) for each additional V gene pre.'ent in the gmiotype. Thi.s 
type oi action al'ti appear' to be a"oc!ated with the inheritance of .small 
difference' in -i/e In otlier ca'C' ;i 'cveral [laii' of gene- interact a? in a gene 
complex, ihe'.r eUect- are al'o cumulative but m aeometric proportion- 
Thai i-. u-ua..y the mere,;-., -c, -i^i- or ouautuy ch.iuicier n- geometric- 
ally cumuiatu.'c iiy -unit' muiripie a- 2, 4. n. Pi, etc., when the ditierences are 
laree. 
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THE NU^IBER OF GEXES COXCERXED IX QUAXT1TATI\ E 
IXHERITAXCE. Experiments in inheritance of quantitaTi\'e characters 
indicate that the development of such characters is based upon the effects 
of a large number of genes. Rasmu.s.son has said, "Quantitative characters 
are genetically determined by a number of cooperating genes. , . . It is con- 
sidered more probable that 100-200 genes are usually involved in the segre- 
gation of quantitative characters than 2-20. . . . The effect of each factor 
in the genotype is dependent upon all the other factors present, the \-isible 
effect of a certain factor being smaller the greater the number of factors 
acting in the same direction." 

Questions have arisen concerning the dependence of quantitative char- 
acters on many genes and qualitative dift'erence.s on few. In answer it has 
been suggested that main' of the measurable characteristics are of more 
fundamental importance to the organism than superticial qualitative traits. 
The size of an animal may be of greater survival \'alue than the color of its 
coat. Early maturity in a plant, a physiological characteristic, may enable 
it to produce viable seed in a given locality, regardless of the color of it' 
flowers. There are many instances in which iiuantitative cluu'acters nia\' be 
contrasted with the more superficial i|Ualilati\e traits. The fundamental 
quantitative character.s possibly should be expected to ha\-e a mure extensi\-e 
genetic basis and involve a greater numl.ier of genes than the superficial 
differences of a qualitative nature. 

HOW GEXES MAY FFXt'TIOX IX DEVELt tPMEXT. Though 
size inheritance in plants and animals has been the subject of numerous 
investigations, much remains to be learned about it. Recent studies have 
been directed at the influence of genes on dewlopment. Size depends to 
some extent at least on number of primordia or growth areas and on rates of 
growth. For some time it has been known that hormone' influence growth 
in animals. Substances with similar effects in plants ha\'e been recognized 
and designated as "growth substance'." Doubtlcs.s all anatomical and 
physiological components of growth and 'ize relatiori'hip' ha\'e a genetic 
basis, which probably i' of the multiple gene sort. The production ot hor- 
mones ami growth substance' may be dependent upon a 'imilai' genetic 
basis. In fact, certain inve'tigatioii' indicate that 'ize ami form in plant' 
may he influenced through tiie action of geiiC' which teml to iiicrea'C or in 
other ca'Cs to decrease the amount' of growth 'Ub'tancC'. 


Inheritance of Physiological Characteristics 

Action of multiple genes has been suggested as the genet ical basi' for 
certain physiologit.-al phenomena, such a' earlim-" ami latc-nc" in the 
flowering and fruiting period in plant', milk production iii cattle, and egg 
production in fowls. Probably multiple gene ba.ses underlu' many other kind • 
of phv'iological charaeteristic'. 'uch a' re'-isram-c to di'ca'C, high-viejihng 
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ability of plants, speed and endurance in race horses, and many psychic 
traits of man. 

EARLINESS IN CEREALS. Thompson explained the difference 
betveen early and late varieties of wheat as dependent upon the action of 
multiple genes, and Aamodt explained the difference between varieties of 
spring wheat and winter wheat by the action of a series of multiple genes. 



Fig. 127. Hat Plxnt' lLi,r-Tr, wing tAnror' Dcoui:!.' hf Earlixk". 

The ~i'eil~ to innihire tiie~f phiiit' were :ii; phuiteii the 'uine m early .«pnm: 
"riiC plant' to he photoixi ai ihei i weie r()ilei‘reii the eame ,ia\“ lu the 'Uiuliier. {Sp)t'el- 

nieii^ eLiiirteey. C, F. Xoll . 

Noll, ill an invc'tigation of the ifeiietie ba.'L of earline.-:' and latenes.- in 
flowering and maturity in oat'. made iT()"e.' between early and late \’urietie? 
'Fig, 127 . The re-nlting F; generation wa^ intermediate between the early 
and late parents. In the F_. and --ub'eiiuent generation', plant' were obtained 
which were earlier than the early parental variety and .'ome that weie later 
than the late parent l >ne plant WU' 'o late that it failed to flower in one 
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growing season. Xoll concluded that earliness and lateness in the varieties 
of oats which he had studied were conditioned by the action of a series of 
multiple genes, possibly four pairs that together had a cumulative effect, 
with each gene ha\’ing an influence of about two and a half days in earliiiess. 

Hoshina and later Ramiah explained earliness and lateness in rice as 
genetically dependent upon multiple gene.s. Ramiah found that the several 
varieties differ genotypically by several pairs of genes. One variety has some 
pairs in the dominant and another has them in the recessive state. When 
varieties as AAhhCCdd and aaBBccDD are ht'bridized. the Fi genotype will, 
therefore, be AaBbCcDd, and in the F- some of the genotypes may contain 
the factors A ABBCC DI) or aabbccdd. .\ction of the recombined factors may 
result in the production (jI plants which exceed the range of earliness and 
lateness of the parents. In studies of earliiiess and lateness of flowering in 
plants, consideration must be given to the physiological influence of the 
environmental factors. Of special importance is the influence of the length 
of day on flowering in plants. 

EGG PRODrC’TIOX IX FOWLfs. Egg production in fowF is a com- 
plex characteristic based on several more or le.ss iiulependeiit traits as. for 
example, early or late sexual maturity, rate of laying, broodiness, persistency 
in laying, and winter pau.se. Distinct genes ha\e been suggested for the 
determination of each of these characteristics, the sum total of which make 
up capacity for egg production. 

In all theories that have been aih'aiiced to account for the inheritance of 
egg production, at least several pairs of genes have been suggested. In the 
Goodale-Hays theory of egg production in which eight pair.s of genes have 
been assumed, an Fj population of 6.‘)..')3ii would he required for the probable 
appearance of each parental genotype (^uire likely even a greater number 
of pairs of gene.s is actually involved in the inheritance of egg production. 

MILK PRODUt'TRjX IX GATTLE. Milk production in cattle and 
other mammals is another physiological character laiscd on a multiple gene 
complex. The number of genes in thi-- complex has been variou-ly estimated 
at from I to .I paii-' uji tn 20 pairs as a minimum. 

.■Studies of the (biei-n'cy and Holstein breeds indicate that 10 pair.- ot 
genes are nei-es-ary to account for dilferen<-es of milk production in the two 
hret-ds. A -tudy of butterfat production in .[('t.-ey and Red Dani-li cattle 
nidi<'ates that no l(w- than 7 pair- of gene.- are neces-ary to acc(_)Unt for the 
ditfereiice- of thi- character in the two breed-. The-e and other -tuilie- -ug- 
ge-t the pos-ibility of a multiple fai-tor complex of a largi> number ol gene- 
a- determining variations in milk [jioduction in cattle. 

Quantitative Characters and Multiple Genes in Man 

I’ P Da'.eiipiirt in an uiw-tigation ut ;nhei !t;i!iee o[ i'lnly build ioiiii<i 
that the chiidien ol slender parent.- did not tend louani the a\ei':ige weight 
tor the laee -u readily as the offspring of heavily built parent- He .on- 
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eluded that slender persons are more likely to be homozygous for size genes 
than heavier ones. The heavier persons therefore carry genes conditioning 
slenderness. Their children, often homozygous for the slender genes, regress 
from the type of their parents and tend toward the average weight of the 
race. Davenport also concluded that the genes for heai iness of build were at 
least partially dominant over those conditioning slender body form. He 
says, "The hypothesis is indicated that genetically build is controlled by 
multiple factors, at least three with fleshiness tending slightly to dominate 
over slenderness." 

In harmony with present knowledge indicating control of bodily struc- 
ture by hormones from various glands in the body, Davenport suggests that 
the gene^ condition >ize by their influence on the functioning of thyroid, 
pituitary, and perhaps other glands. According to this point of liew, it is 
likely that the number of size genes in human beings is far larger than 
indicated above. The glands thcmselve' may be influenced by many factors, 
some of them genetic and some environmental. The dei'elopment of the 
glandular structures would most certainly he conditioned by a complex 
genetic basis. Their functioning may abo be influenced by the general 
physiological constitution of the individual and liy general and special 
nutritional factors. 

Hunt has suggt'sted that mental abnlity in man is inherited on a multiple 
factor tui'i'. lie assume- the probability of five pair- of genes in the genotype 
influencing: the diwelopment of mentality. Dominance of a gene i- thought to 
influence a hiithcr degrei- of mentality than the recessive member of the 
gene pair ipp. .lUS). 


Questions and Problems 

I Wh.at are (luantirativc ciiaractei~? In what rc-pect dn they differ iruin mint 
qualitative clue. act ci s’’ 

2. W!,at Tvpe o' ;a' Ti.r- u-u-illy num the aenetic Oa-i- of quantitative ciiaracteu? 
Dm IMendcha'i ui'U'.iIc- apply to Tiw-" lactii!'? 

3. W'li.'it > t!c‘ iiiulruiie Mi't.ir hypoth—.-'' Who .'lai rhe early wniw upuri whieh tlii- 
livp' it!.'- ' i- cui'led? 

4. What ttele the li-i.ttlVf 'ize- uI The ffM'.c.-r- or wliic'c E.i-t -tuihcl? Hn\\ 

manv lai-tni' did La-l Th.!ik were pr'—ent in tlw srenntypi - cmui litii mini; flower 

size in toiuc'ii'’ IIou Many luotyp'-- .\Muld ocr-ur ,n the lb aeueiataiii il five 
pan- o: ~ize uc toi^ v.tue -ej;:ea.itiria? b the niflueni e ot the ai-nc' w cumulative 
u hat etTci t V. ill thi- nuni'oe! m a'-noTyoe- Uave on tic- 'aenei atiou? 

.■) De-cr.he the e.u iv w.ir.-: ou raiut-uniiie char;ietem in too.iec,, U'ha.t tlie -ize 
of the F \' hen tl;e paienta! types diff’er in the- -ize o; j mea.'Uiahle ehai aetei 
What ■' the r.aTu;e nf ti.e D itenenation? Why a:e large niirnoer- in the F_ 
^en^earlM:l t--":it..d for e.e.iplet" 

ti. W'i it 'oce u I ie’.at v '.zi - 'UE ti.r H.imt.iUL.' ;eci .'•cfiright oantam- wluei 
S’-.m r-rr a- i .i. h.- o-q. ■■ t- :. -..a- .tan e ;n fo ■ A’ 

7 Wha.t ' ■' e.-eare - /< ■■ F. a-mf ; "t.- n I’.innetf'- (7 ..ieii Ilar.ioii’a 

■ SfO'.nht ‘ e.tam .■ ■ — '* Wi U - ze- verp '.u;'.,; .n tie F; 'UeTieration or tc- 
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S. How many pairs of size factors did Punnett postulate in these fowls? How many 
biotypes would be expected in the Fo generation following the rec(jmbinationof 
four pairs of size factors? If the influence of these genes were cumulative or 
additive, what effect could be expected in the sizes of the F., population? Were 
these effects actually observed in the F 2 generation? 

9. Which did Punnett regard as dominant, the genes conditioning large or those 
conditioning small size? 

10. In what respects does the work of later workers differ from that of Punnett 
and other earlier workeis in size inheritance? 

1 1 . Which are regarded as dominant, genes for large or small size? 

12. Are iMeridelian principles generally applicable to the behavior of multiple genes? 
Wat' there be any relation between the number of pairs of genes aial the number 
of different biotypes which occur m the Fs generation? Do these facts in any 
way lessen the probability that size factors follow IMendelian principles? 

13. How many genes did Rasmusson consider as present in the determination of 
quantitative or measurable characters? 

14 What are some of the more recent conclusions as to the cumulative effects of 
size factors? Cite some of the data to emphasize the 'liffercnccs in the cumulative 
effects when large-size differences are studied in comparison with the relatively 
small-size differences used in the eailier jtudies? 

lo. Compare the difference.s between the cumulative effects tif ^ize gene.s in the 
arithmetic and the geometric manner. 

Ifi. As regards the effective action of >peciflc gene.'- in a genotype, shouhl all or the 
Iiairs of genes be thought of as influencing the development of size to the same 
degree? Or should some of tliem have gieatei cffec t tluiii otheis? 

17. What is the jtossihle i'elatiiinr.liip of coll number' to the geometric inerea'e in 
size of organs and orgaiiHiiis’’ Do giouth .suli>tauees po"ilily have any influence 
on the develo]iment of size? 

IS. To what jirocpsses doe^ Cattle attriluite vai iations in body size of 1 iraam.'ins? 

19. What are some of the jdiysiological plicnomenu which have been interpreted on 
the hypothesis of multiple lactors? 

20. Explain the hereditary basis oi ealliIu•^' ami iatene'S in wheat, in oats, and in 
rice. In general, how many ikiU's m lactor- appear to be important in the develop- 
ment of earliness and lateiie^' in plant?? 

21. In man, which factors are dominant those i-onditioning -lendernc's nr those 
cijnditioning the heavier build?? Why ma.v the childieii of heavy paicnt- be 
slender persons? 

22. How many pairs or gene- may be involved m the factoi complex comlitioiiiiig 
size in humuii beings? Is the number thought to lie large or small'’ Who has dc.ne 
most work on the 'Ubject o! ~ize inheritance in man.’ 

23. How many pair? of fai-tors doc- Hunt -iiggcsr as a possihle basis t(,r the in- 
heritance of mental ability iii man'’ 

24. Discuss Tafile LIII on p. oOs with the lelation-hip of gene? to the ?evei'al guide? 
of mental anility. Is it jM ssiiiie that a -c! erne -ucii a- thi- may ai ■ oiint loi the 
varying rlegiees of mental ability m hum.tii being'? 

2o. What may he 'aid about «o-ra'.led blemj.iig inh.pritancc in whici, aj'parently 
Meniielian jiriiiciples do not apply? What i? mhented? I? it the plienotypc? oi 
the genes which are mheutcii? 

2i'i. W hy are large F-: population- nccHs'.tiy ui ti.e ?tU'ly ol quantitative inheritance? 
Llo the iiun/oer of facto;- m . c"it H,- ..ngc : uin'.cis ,,t g.-ootypes '’ Wiiy ’ 

2. I ndcr what ronditiun? may multiple lact- . umulat.vc a.-Tion . 1 : tin- 

aiitlimetic manner am! under uhat comnEou- :n uv tneir acti-rii he gcometi iraily 
cumulative? 
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chapter 14 


Selection and Breeding Techniques in Relation 
to Quantitative Characters 


Darwin’s Theory of Xatural Selection stimulated iiu'estigations in 
many phases of biology. Some of these were undertaken to test the effects 
of selection under experimental control and even to test the validity of 
Darwin’s theory and the extent of its applicability. INIaiiy experiments have 
been undertaken with the hope of improving breeds of domesticated animals 
and varieties of cultivated plants. Since such experiments mostly deal with 
quantitative characters, their cou'-ideration follows naturally the discussion 
of multiple genes. 


Galton’s Law of Regression 

As long ago as 18S9, (faltoii in England published results of studies on 
iidieritaiice of height in man. From data on more than dOO parents and 900 
of their adult offspring. Gallon c<jncluded that parents of greater than 
average height tended to produce children who were taller than the average. 
Parents of average height tended to produce children of average height, 
while parents of less than average height tended to produce children who 
were shorter than the average height. But more important was the ob'er- 
vation that the progeny of parents in both extreme clas-es tall and short 
tended to approach average height. Gallon called this an example of the 
Law of Regression, because progeny of extreme variants, as very tall and 
very short parent', tended to rriirtss toa-a'iJ tia wtrage or mean of the race. 

Gallon's Law of Regrcs.sioii is applicable only to large groups of the 
population. That is, collectively the children of tall or of short parents, 
considered as classes, tended to show this regression. Single individuals or 
the progeny of a single family, because of the particular genotype, might 
deviate from thi' law. Height in man i' cDmlitiDued by a multiple gene com- 
plex, and in general indi\idua!' arc highly hcrerozygoU' for these genes, 
E.altun wa' therefore studying an un.'eiected and extremely heterozygous 
sample of a general population. 
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There is a probability that uc-ca>ioiially many of the genes for tallness 
will be recombined in a .single genotype. Likewise there is the same probabil- 
ity that a large number of genes for short stature will be recombined in a 
genotype. The.«e probabilities make Galton's Law of Regression inapplicable 
to single individuals. Further, it appears that in human beings genes for 
short stature are dominant and may cover up the recessive genes for tallness. 
Tall persons could, therefore, be homozygous for the gene.s for tallness and 
have all tall children, or because of chance recombination of genes for tallness 
carried by short parents, some of their children may be taller than their 
parents 

Johannsen’s Pure-line Theory and Selection 

About 1900 Johaim.sen, a Danish botanist, undertook to test the validity 
of ( ialton's Law of Regi'Cssiou in ca.mtrolled e.xperiments with Jiurnozygoua 
material. He .'tudied the effects of selection on weight and size of seeds in 
the Princess variety of the common bean, Fhn.i(oln>f vulgaris. Since beans are 
naturally -•elf-pullinated. a high degree of homozygosity could be assumed. 
Johaniisen’s publications in 1903 and in later years gave result.s of these 
experiments and presented his Pure-line Tlieory. 

The beans m the original stock wt-re of \-urious sizes. From the harvest of 
1900, .lohaniisen arbitrai'ily selected jirogenies of 19 distinct bean plants 
and weighed the 'eeils. Lach nf the progenies so cho'en he called a Une. Al- 
though the seed' from eu<-li line \aried in size, their weights showed means 
ratnimg from 35.1 eg. for the smallest to 04.2 eg. of the largest witli the other 
17 progeiuo' falling between tin.' extremes. Positivt rtsults were demonstrated 
irom .'!( ln-t(i}fi in nn unsi ti vti d pirpniatinn that had been made homozygous 
tliniugh natural self-pollination. They were aclueved by isolation of the 
homozygous 'trains or lines already exi-ring in the general unselected 
popiilatii )U 

.lohann'cn attempted to change the size and weight of the seeds in each 
line by annual 'election of larai' and 'mall seecL from each line to produce 
the next generation The experiment wa- continued for several years without 
effecting any permanent chaiiiie' in the size of the beans. The generations 
produced from a 'ingle line, whether fiom the large or the .small 'eeds. pro- 
duced beans of varying -ize bur always of the approximate acerage weight 
which had lii-'t characTenzed the line That i'. the average weight of bean.' 
grow 11 ii'iim a large 'ceil wu' no gieaterthan that of bean' grown from a small 
'('eil 'Ciccted Irom the 'aiiie line. The progeuie' of the large seeds as well as 
rho'C oi the 'lua!’. 'ced' reverted to the average or riieau weight characteristic 
III the genetic;. ey pure '.ne fruni which 'eleetinii was made. 

'1 he • al.al.e;;' -;7e ;i;id •',,.;gt,T ,-,t the 'Ced' W'hleh occurred in each 
line wi.;e puie'.y smuk t;, ^ tiicenc'-r 1,1 envirimmeiital eondirii ci' surrounding 
the p’ant and the 'cid' 't; the p.jd' Moi'nire. temperature, and ~oi! pon- 
duiiiii'. the 'pe, i;i, ei ii.dira ,ti' 'll I'roui idl !! g iinlicddual seeij' and the number 
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of seeds in a pod, all influenced the size of the seeds, but none of these 
fluctuating variations vas inherited. 

PHEXOTIPE AXD GEXOTYPE. In this connection .Johannsen 
first used the words phenotype and genotype, terms now in universal use in 
genetical literature. He con.sidored the phenotype to be made up of measur- 
able characters which could be seen, of fluctuanons largely under environ- 
mental control. The progeny of a plant did not inheiir these somatic varia- 
tions but did inherit from the iindf rhniiij (ji^rni pla^tn or iioiuti/ff common to 
the entire line. The progeny of bean plants grown from both large and small 
seed.s, selected from a line, tended on the average to be alike and as a group 
to regress to the mean weight for that line. The selected seeds, although 
differing somatically in size, were alik<' genotypically. 

THE PX'PiE LIXE. .lohannsen defined a pure line a.' consisting of 
indiA'iduals descended from a single self-fertilized iudi\ddual Ilis work 
showed that selection for size in a pure line was totally without effect, since 
in the following generation the progeny of selected individual' merely re- 
\'crted to the average of the line. .Johannsen coucludeil, howe\-er. that the 
(.ialton Law of Regression was applicalfle within pure lines u' a regression 
toward the type or mean of the line. 

The ( »kigin of Pure Link.-. If self-pollinated beans tend to become 
homozygous pure lines and if positive results cannot be obtained by selection 
in a pure line, what is the e.'cplanation (.if wiriations in the original population 
which were potentially ancestral to .lohann'cn’s I'.i lines’' H there no hope of 
change in a pure tine’.' The answer to the-e (jUe'tii.ins lies in the phenomenon 
of mutation, the type of change occurring at rare inter\'uls in the germ 
plasm (p. 3Stii. Soint' time in the pa-t hi-tory of the Princ(‘" uaticty of 
bean, a number of size mutation' Inn.i occurred In '(‘lecting the I'.i purf' 
line.', positit e n''ult' had been immeiliare. lu-i aii'i' .lohami'iui i'olati'd iri.irn 
the general population plant' that were lionio/ygoU' foi- 'izc mutation' and 
establi'hed hi' j)ure line'. 

Selection in Cross-fertilized Organisms 

Selection in a population ol cro"-tertilized orgaiii'm' pre-ent' i[thte 
another problem. A- a result of natural cro"-fertilizat ion. -uch organi'ius are 
heterozygoU' lor man\' variation', rhi-refi.ire, all of the iniieifiit difiicultie- 
of selection are prc'ent, pheiiotypicaily doininatit characteri'tic- ob'curing 
the prc'cnce of rece — i\'e genc' in the genotype', a large iiumbcr ot alleles, 
and in manv ca'C' interaction' of genc' ui the complexes. Compared with the 
fluick and permanent rC'uiT' ohtait.ed iti 'clf-ftn’t iiized plant'. po'iti\e 
rc'ult' of 'election in cro"-tert!li 7 eil orgatu.'ni' are n.-alized ■■■■iiiirl , only after 
niatu’ generatioi'.' Xott'Wortliv re'ub' . a’ -uch 'ele.-t'ou are ha'tened by con- 
'toUiiig fert iiizatio:.. either 'hrougn 'e’.i-po..e at'oc n, -e r-iertce platit' or 
cio'c ! n i a ( '( 'll' 1 1 c ii’ 'oli — teii.e jila'i’'' aU'i in ;r..in:;.' l.'o' tech: aiue u 
comnioiih’ U'cd ill '•oro-'oreedu;g program' tip. It > 
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SELECTION BASED OX PROGENY PERFORMANCE. Although 
selection of somatic variations has been repeatedly demoii.strated to be 
without effect upon future generations, another type of selection has pro^■ed 
effective. Selection of individuals as parents based upon “progeny per- 
formance” or the "progeny test” is a technique for selecting germ plasm 
and disregarding somatic variations. As long ago as 1840-50, Louis de 
^’ilmorin working toward the improvement of farm crops in France de- 
veloped the progeny test or “genealogical .^election," as he called it, for 
use in wheat, oats, and sugar-beet breeding. He considered a plant valuable 
when it produced superior progeny. 

An interesting and instructive experiment on the size of mice has been 
based on the progeny test. Goodale used the progeny of 16 individual mice. 
5 males and 11 females, all of which were ordinary commercial stock of 
laboratory mice. The original 5 male.- averaged 26.0 gram- in weight, and 
the 11 females a%'Praged 21.3 gram-. During the course of the investigation, 
about 4.000 mice were studied each year. The average weights recorded 
were based upon 500 or more animals in each case. 

The plan of the experiment was to select as parents for further breeding 
the individuals in each generation which produced the heaviest progeny. 
Regardless of their own weight-, inditdduals which had demonstrated 
ability to produce heavy pnigeny were .selected to become parents of the 
next experimental generation. With this techni(iue the genes for increased 
weight rather than somatic vailation- were -elected. By 1U52 the weight of 
tile selected -rock had been incnai-ed 'Table .NX^TII). Progress in this 
(experiment ha- been hampered l.iy iiiciua-ing -terility and reduced size of 
litters, but the leader ha- 'lated that an ai'tn'age of 50 grams may be main- 
tained by propi'r management 
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is useful in breeding cattle for high milk production, where the value of a 
sire with high-producing daughters is widely recognized. Too often such a 
bull has been discarded before his value, as evidenced in high-producing 
daughters, has been recognized. The same method of selection is important 
ill breeding poultry for high egg production. It is also used in breeding horses 
for speed. The ram called the “gold nugget " because of his ability repeatedly 
to sire grand champions for the show ring may lie cited as another example of 
breeding based on progeny performance. 

J^ELECTIOX AND IXBREEDIXG TX C'ROSS-POLLIXATED 
PLAXTS. In 190b and through succeeding years. Shull published results 
of inbreeding maize or Indian corn. He showed that open-pollinated plants 
in an ordinary corn field are heterozygou.s for a large number of pairs of 
genes. In fact, an ordinary corn field is a ma.ss of hybrid plants, the re.sult of 
promiscuous crossing following wind-pollmation among unselected plants. 
Shull started investigations with corn in order to learn about variation, 
inheritance of size, and selection in inbred lines derived by self-pollinating 
naturally open- or cross-fertilized plants. In the course of the e.xperiments, 
corn plants were self-pollinated and the resulting iidireds grown. It was soon 
e\-ident that inbreeding of maize resulted in greatly ilecreased size and \'igor 
in the progeny. 'Fhe decrease, gi'eate<t in the first inbred generation, con- 
tinued at reduced rates through succeeding generations of self-pollination 
As the investigation proceeded, it was disc(i\-ercd that full size and vigor 
were promptly restored tolluwing hybridization between inbred plants. In 
fact, the Fi plants were larger, more \ igorous. and more productive than 
ordinary open-pollinated varieties. 

Hybrid Corn 

Shull's experiments led, eventually, to the development of hybrid corn 
now extensively used in commtn-cial corn production (Fig. r2Si. In 1911 
Shull predicted the possibilities of increasing yield of commercial corn by 
this technique. Although he lui' receiveil rei-ognition as the oru/inator oj 
hi/brid corn. Shull did not perfect breeding techniiiue' for commertdal pro- 
duction. This was done by other workers, among them. East. Hayes, 
Jenkins, Jones. Lindstrom. .''ingleton. .Sprague, Richey. Henry Wallai-f', 
and many others. 

The tlevelopment of hybrid corn is perhap' the greatest single contri- 
bution of the science of genetics to the ecoiKimic welfare of the temperate 
and subtropical zones where maize is grown, it has been estimated that the 
value of the corn crop of the L'nitcd States alone may be ••<3, 000. 00(1, 000 
annuallv. If e^'en 2b per cent of this result- tront the u-e of hybrid sped corn, 
the increase is three-quarter' ol a billion dollar', Stadler e-tiniated that 
during the four growing -eason'. 1942-4b. coveriiig rlie war perioii. tlu' u-e 
of hybrid seed corn iiicreaseil the yield of grain by 1 .SOO.IIOO.OOO bushel- 
with a \'alue of more than S2.000.0(l0,il00. With the high price' of the po-twar 
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period, the e<timaTed money value of the corn crop is even greater than in 
1945. hlangelsdorf calculated that the increased yield attributable to hybrid 
corn in 194b was 924,210,000 bushels. In 1952. 70. .300,000 acres or 84.4 per 
cent of all corn acreage in the I'nited States was planted with hybrid corn 
seed. The profitable use of livbrid corn is being extended to other corn- 
growing region' in Europe, hlexico. and Central and South America. The 
economic value of hybridization of inbred lines may be further supple- 



COMMERCIAL HYBRID 

I'm. 12''. riK'i Ci'U.n ium.m I.inL' i’lmin i kd by Dr (Irdri.f H 

.''HULL 

C'nirte.'V i)r. .''hull, iri.iii ./. [hruhti ■ 

raented by it- I'.xtun'iuii to ■•uliivated plant' other than I'orii and to doniC'tic 
animal' tmth large and 'inall. 

A' Shilil fouiul. one of the mo't not i. -cable nj i/ihrt ulin/j thr 

rajv'i rif size, and u rtiht The tir■^t geiieration after .'clf-pollina- 

tion. called the S, aetn'ration, i' redured in 'izi- ;ind \dgor by about 50 per 
cent. Suci-t "I’.e 'e;i-pi);ii!.ation< rc'itlt in mrther reductions in .'ize and 
viti'or bin to a lc"er dcaiee. The lo'H- about 25 per i-eiit. the S about 12.5 
per oeiit. and the at'out tl 2,5 pci ,-^.]n \itcr lonr o; generations of 

.'elf-polhi.atinn. rli>' r. iu'cii hiic- bi--|.,iiue fairly 'taine. a.irhouah homozy- 



SELECTION AND BHEEDIXG TECHNIQUES 


279 


gosity increases with continued inbreeding. Following continuous selting, 
some of the inbred lines become so dwarfed and .so nearly sterile that they 
are maintained with difficulty and may even be lost entirely, borne strains 
may become pollen .sterile, othei> may produce a fair amount of pollen but 
fail to set seed, both difficulties in the production of commercial hybrid 


\ ^ 



I Hr. 129. PL.c.Nr." Illusik.c'ii.ng I-\i KLA.'^i.D III li.iai'-i-. ix im: F 'Ci.xiiiRj 

Pii -uLTi-XC FRiin rm; Crc'- B i.rwi.EX Twn Ixuri d l.ixrv 
(L'lriirtesy. I). F. .Lme'. t'liimectn-ut Aiiia-ultinal Exiicniia iit Statiuii 

corn. At the Connecticut Experiment .''tation. Xew Haven, ('finneeriiair. 
.''Orne of the inbred line' of corn have been in exi-tence 'iin-e that i' 

tor nearly .">0 years. Among them 'Orne line' have been inbred for MU nr mure 
generaTinn-. Hei-enr in\'e'Tiuati(i!i' indii-ate rl.ar liinti-i-uiitimied nibreedina 
may nor be neee"ata' tn the pindu'-tinn n! auiiil inbred 'liai'.i' for liybridiz- 
ing in corn improvement. 
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THE PRODI'CTIOX OF HYBRID CORN. The hybrid corn in 
demand by farmers for seed is obtained by crossing two (or more) inbred 
strains or lines selected for their desirable characteristics. Crossing two 
inbred lines results in an extremely heterozygous but very uniform Fi gen- 
eration which has greatly restored vigor and yielding ability attributed to 
dominance of favorable-growth genes (Fig. 129-131). 

Not all combinations of inbred strains produce eciually high-yielding Fj 
plants. To obtain a really successful hybrid corn, the corn breeder must test 



Fu;. 130 . MiiuKL Cuhn Plaxt-. iLLr-rp.A rixt, Ix' p.f.A'F.d Hvhp.id ok 

Hetkp.ii-is of F PLANT' IN Centlii Whii h Wlp.e Dlvllopkd from the Cro^s 
OF Twii Inbred I.inF' at thf; ."idE'. 

'.CourtTsv F). F. .Fait-, CouLf.-to-m; Ain:i‘'i!tural Experimerit Station.) 
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several of the inbred strains in hybrid combination v'ith many other inbred 
lines. Of the several inbred strains some will produce Fi plant.s which are 
good: some will produce Fi plants of little value. Selection of a good com- 
bination of inbred lines or good combiners is based on results of actual te^^ts. 
The real test of good combiners is performance in the field of the Fi hybrid 
progeny of a cross. Characteristics to be considered in this performance are 
vigor, disease and insect resistance, and, above all, superior-yielding ability. 
INIany superior Fi hybrids have become well known in commercial seed- 
corn production. 



X F, F, Fj F, F, F„ F; F, 

Inbred 

Fig. 131. I.N( rk.\'1;d Vnam ix Fi Corn Plani Rl-:.clitxg fro.m Cans- of Two 
Inbred Lixr,.' .\nd Dfa Rr,.csr,D \ ic,i;r ix Sci i ni.ni.xc, ( ii;N'FR \ i mxs. 

Yieki of gram ruiresjii'inleG tn t'lC vigco' m tl.e plants. iCcuitcjv D. I . .Jones. 
Connecticut Agricultural E.xperiment Station.; 

IviNDs OF C'rosse.s. Inbred line' hate been rued in several ililterent 
wavs in commercial corn production. Top cn'sses. .'ingle cro'.'p'. three-way 
crosses, double crosses, and multiple cro"e.s are all in general u.se A top 
cross is a cros.s between an inbred line and an ordinary cru's-iioliiuated 
variety. Fi plants from seeds of the top cros' are more vigorou' and pro- 
ductive than inbreds and frequently more productive than the orig'.nai itoss- 
pollinated variety. Top crosses have recently come into U'C m the 

eombining ability of new inimed hnc' oj corn pp. 2i i 2So . Tim 'nigc- ito". 
a cross between two inbretl lines as line A X hue B. h the rypc a! hybrij- 
curn iToss used originally by the early investigators ‘p. 2, i ■. 
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The double cross is a further development in which two »(jod Fi hybrid 
types are obtained by crossing inbred liiie> as line A X line B and line C 
X line D. Then the next year the two Fi hybrids (A X B) and (C X Di 
are hybridized to produce the double cross, including four inbred strains in 
one double-hybrid generation a.s FpA X B) X Fi(C' X F>). Double-cross 
hybrids are frequently very vigorous and yield exceptionally good crops 
because of the much greater genetic di\'ersity found in four than in any two 
inbred lines. In field practice much of the hybrid corn used is of the double- 
cross tyiie. 

In the multiple cross still more genetic diversity and greater heterozygos- 
ity are brought into a single hybrid plant While four inbred lines can be 
brought together in a single double-cro.ss Fj hvbrid, six or eight different 
inbred lines may be combined in a multiple cross. After two double crosses 
have been made a.s Fi^A X B.) X FpC X D' and Fii.d X Hj X Fi(M 
X X), these may be hybridized, making a multiple cross combining all 
eight inbred lines A, B. C. D, G. H. INI, and X into one hvbrid combination. 

Regardless of the techniiiue useil in its production, hybrid corn is at its 
best, that is. most vigorous and mo.-t productive, in the Fi generation. Suc- 
ceeding generations, obtained irom the open-pi.)llination of Fi, Fj. etc., 
become less vigorous and less proiluctit'e i Fig 1 d 1 ; d’lu' loss of high-yielding 
((ualities in the F.j, F ■ , and succeeding generation' i' thought to be intimately 
related to the reduction ot heterozygosit.v. Open-pollination of hybrid 
plants results in a small amount of self-pollination with attendant homozy- 
gO'ity and gradual los' of hybrid \'igor. It ha.s been estimated that the F'.. 
generation of hybrid corn i.'. on the a\'erage. ab'out l.j per cent less pro- 
ductive than the Fi. Succeeding generations are progressit'cly less prodtictive 
each year but to a gradiiall.v le"etie<l degree. .Vfter five to eight generations 
of (.ipen-pollinatioii, there i' little further lo" of 'ize, vigor, and yield, and 
the plants become .'tabilized at about the yield lex'el i‘>t the ordinary com- 
mercial t'arietie.' from v.hich iln-y originated. Tlii' reduced productitdty 
explains the nccc'sity ler con'taiit lenewal ol hvbiid I'orn from it' .'Oiirce. 
preferably every yeai 

Effects of Self-pollinating and Crossing Inbred Lines in Plants Other 

Than Corn 

Within lece-iit veal' i-riei T- . n inoieii iuii ' m I 'hint' et! I Cl than ruin ha \ e 

been 'tuiiieil. Aniunu; utlaa ruuni- r;u— , ; uai Ay h iVu been -la . e"Ui! In une '-t 
lit exnennient', the avciage 1 ; Viehl 'C -in'eli u.iduy < lu-'c- -1 uwuil an iiiriea'e ni 
innie than 20 ppr rent evci the aveia”!- (■: -.urh a.i-r-nt'. 

.Tunes and .''incletun iinMislicii ir-ult' .c iiiirecbna .,ia; iiu.-uim mbietl stiaiii' 

u! stiav ben ies Fil;. 1c 2 rhe->' u'e oiunanati rl ur --i-aurauve 111 ' a'rxua! methuii' 
rrill"'.’, iin; .iibrr (''laia 'T; .'U he: nc' tiaie > i' ti.e te; .'ta- raat un ui plant 

anii unit '-haiautei- wit.h ;>-,F..-r'un u; 'iz-- phu'.t u'cr ii'U ..'--rned vieM 
Fru-suitx tiie inbird 'ti-un' u.by u o-.; huth ' z> ,,;.u '.sau’ < ...;,u. ,i,- ut 

three and [uur jn'ored -nan;' a:ave ne'e I’ae :.yi:a;~ h nar'e Oeen lutiridureJ 

;ntu the rumnier' la! tieri 
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Inbreeding of cotton has resulted in higher yields, greater stability of varieties, 
and improvement in uniformity of length and percentage of lint. In 1941 the Bureau 
of Plant Industry rejjorted pedigree selection in progress at four stations among 
2,000 selfed lines representing more than 200 parental stocks. One inbred line e.v- 
eeeded the best cunimercial variety by 19 5 per cent in yield of lint per acre. In 
addition it had a longer staple, tvhich resulted in a total increase of 42 per cent per 
acre over the best commercial variety. 

Unrau and White in Canada reported results of crossing inbred lines of sun- 
flowers. As in corn, continued inbreeding of sunflowers tended to reduce size and 
vigor of plants and yields of seed. The greatest decrease m yield, 35 per cent, fol- 
lowed after the first year of inhreedmg. After four yeais of inbreeding, the reduction 
in yield of seed uas (JO per cent. Pieciprocal single crosses of inhreil lines outyielded 
the average of the inhred lines hy 247 per cent. Fj plants of inbred crosse.' outyielded 
a good standanl vaiiety by hum 47 to (JO jier <-eut. 



Fig, 132. Left .\nd Right Inbred .■'tr.\in.s of .■^triwuhrries; ('ENThR. Hybrid 
B i iwj.LN Tue-M .-Showing IlLiLRo^m. 

(C'ourte-y, D. F .liines and U.-djili .■'iniilcton. CVuinecticut Agricultural E.xpen- 
meiit Station. f 


Jones aiiil L)avi' lepi'it it-uit' in oinoii' ciiniparalJe to tho'C obtained in hybrid 
Corn (' 10--1110 ,in in'orcil Inic m: ktoii Yellow averamiuj; 242 grani.^ jjcr buUi with 

an inhicd hue oi It.diaii Re.; aceiaauia 202 aiani' pci l.uli. yieldeil F. generation^ 
averaging o41 aid 77.') giaii.' nn bulb .I'lg 133' 

Lai 'Oil aid ( 'ur: aia-e i ei.. fed t! e le-ult^ or ei 1 .^siiu: vai letie.a 1 if tomat. ifi'. While 
the c'leld' were laiiabli' the aveiage y.eiil inerp.i'e ot the F. over the parental 
c.verage wa~ .-i" per cent The I^ ini-:ea^( i.vei the oaiental aT.erage wa^ 23 pel rent 
witii a high po'itn'e eoirelatioii "I n.730 between the average Ih vield and that "f it- 
F:. 

With repoit' III till' iiatuie Horn .livei'e plant niateiial' e.xpenments have 
been <taited tc' ima-'tigare the i.el cvi"! ■ : nume;..ii' farm, forage, fruit and ganien 
crop- lollowiiig inbiei'd.ng .ii,.! "U.g. Re-dc' hyiirni tied coin a.nd ewcet corn, 

see.lirneii ai'e li-niig ovord tomatoe' .•u.-uinbei ' aid other vegetablei in their 
'•.ltd. ig-i,.-^ T!;.' 1' a ' •i.d,. ■ - n- ■ .•■irient :n\a 't.gatioii' in the extension of the 

hyic di/.itioii to. ' I. .on. . ;e ■, loua-.: coiemei, .a ci.rn breedme. 

Tie p: od-;.'r.oi. 1 i.v' '•)•; in , on na-i. lahv pioiitabie puaiititie? always 

po'i ' a poc.ieiu e., uT.i'.'e-' I-, I .oin .. .leia — e.ii.g te.'iin.i.pae lias been devised 
\\ fa ’.-ogi t.o'i.o,- in .-..i;;!;:-! oii.dm-t.i n i-ii.,.v:;ig 't.imens to avod sell-polhn.i- 
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tion involves a vast amount of skilled hand labor. Techniques involving the use of 
self-sterile and male-sterile lines are being introduced in the production of hybrid 
plants in vegetable crops to reduce the time and labor otherwise involved. 

Inbreeding and Crossbreeding Animals 

In Slioffner’s reciprocal crossing between White Leghorn, Xew Hampshire, and 
White Plymouth Rock breeds of poultry, the crossbreds exceeded the purebreds in 
vigor, egg production, and lessened mortality. The superiority of the crossbreds 
depended upon the quality and. as in hybrid com, upon the genetic diversity of the 
purebied strains used m their ju-oduetion. Certain disadvantages of crossbreds, 
however, were pointed out. 


Jt 



Fig. 133. A C'kon-. Lwulv'ixg Bn.B Sizt: rx Oxioxs. 

A. uii iiihvfA line <.f Yr-Il<>w. B. an inbrod hue ui Italian Red. C. the F, 

hyhi'i'l A B. ( uintf-^y .h*iie^ and Duv;^. I . S. Dep. Agr. Technical Bulletin 
^^71. Y'a'hinut' lU. 1914.; 


Wiiitt'i', tl a/,. i*'und tfiat ci'"-^'shred '\'iiie •showed an incfea^t' in vif^nr rtver puie 
inGiT^'i" C ii’cd" aad ureatei ''Ur\'ival, aieater late uaiii in weiiiht. a j^i'eatei 
eciiiiuruy n! aiain in iHpdiim. and a hettej '.r(»re trir hodv '•unfurniatn in than the 
inhicG- C 1 1 ircd" G-'intiint iiniii nur^-e't hetueen ilGfiiiet breed', weie better than 
th' '-p n I an bctv. taui hne-^ nf the ^ame bf net 1. Thi^ I'art indiLate" tiie iinportanre 

^en- t-'" divf';-ir_\' tlie paicnt'. u-ed in cibi'-'-ina. .’^Ufiet irtr parental stock tended to 


I me 


(-1 tliC paieiiT'. 
I' ' ' a t'l 


Rc' tail unrur- ‘'y Bakei an-i < nii-p-nb.a r\' "how that cn'^^brcii 

rit-er laitfa: U' 'itij a n ■ Ibifi-aG art- "iptniDi to ti.e puicbred^. The cio'^'- 
Mee,;' uo!t^ :er at oath niaoc ra-tta aaui^ in weiaht. and u'eie heaviei at ail 
aue." up to atid inci'ndini]; 3n months. 
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Heterosis 

The remarkable increase in size and vigor of hybrids over their parents 
has been known since the time of the early plant hybridizers. Increased 
hybrid vigor was also noted by Darwin who observed its occurrence in the 
offspring of unrelated parents and realized that it resulted not merely from 
crossing but from the union of unlike germ plasms. 

The phenomenon of increased size in hybrid.s has been called hybrid 
vigor and, later, heterosis, from the Greek words heterus meaning different 
and -osis, condition. Heterosis, therefore, mean.s literally a ihiurtrit 
condition, that is, different from the parents. When the term was first 
introduced, it was as a .substitute for the expression ‘‘stimulus to growth 
due to heterozygosity.” The terms Jutcronis, referring to the de\elopmental 
stimulus of the union of different germ plasms, and lu/hrid vigor ha\'e been 
used .synonymously. Hybridity. howe\'er. may express it.self in either .'inaller 
or increased size. Powers considers that heterosis exists when the phenotypic 
expression of a character in the Fi generation is either greater or lens than 
the magnitude of such expression in either parent. According to this view, 
heterosis and hybrid thgor are not equivalent terms Hybrid vigor refers to 
increased vigor and increased size, while heterosis may be of fivo i//;;c.s. 
positive or plus, that is. beneficial heterosis and negative or rninur. that is, 
nonbeneficial heterosis 

GENERAL AND .SPECIFIC EFFECTS OF HETERo.nlS. In a 
study of heterosis. East considered effect^ on tin' varioti' jtart' of plants, 
roots, stem-i, leaves, hairs, fiower.s. frtiit, and seeds His conclu'ion wu' that 
hybrid vigor i-s something which concerns the urganism, plant or animal, as a 
V'hole. There is a general iiu-rease in tdgor and rate of growth, branching is 
more profuse, the root system is increa-ed, and leac'cs are larger. There is 
greater profusion ut flowers and fruit although no notable increase in 'ize of 
fiowers t)r of fruit. East beliewd that cell rlivi'ioiis m(.)re than cell size were 
influenced bv heterosis. Kie~sell.)ach and Weihing fotuid that the F: hybrid 
plants of inbred lines of I'orn showed material increases over the parent', in 
.size of the parts abo\-e ground, in depth to which the root' peuetratt'd the 
soil, in the combined length of all main root.' per plant. ;ind in the diameter 
of the rnaiii roots. The Fj j)lants -were intermediate in the.'c re'pi'et', thu' 
showing a rcgrs'ssion toward the normal or average size. 

East and Hayes and. later. Ea't. who studied hybrid' in nearly 40 differ- 
ent genera, emphasized that the amount of hybrirl Ggoi- expressed in an F. 
plant is rotighly proportional to the genetic dicersity in t'.vo parent-, 
provided normal i!e\'elopment of the hybrid i- po."ible. Ea-i point. al out 
that interspecihe cros'e'. that i-. hybridization between two di-nner but 
compatible specie-, show greater hybrid vigor than ini ra'pe. iric crosses, in 
which two varieties of a single 'pecies are hybridized. The impiort ance oi 
genetic differences ha- been recognized in commercial corn-breeding ijro- 



28« 


INFLUENCE OF MULTIPLE GENE;^ IN DEVELOPMENT 


grams. In general, better Fi hybrids are produr-ed by eru.'sing inbred lines 
of diverse origins than from cro.sses between closely related inbred lines. 

The effects of single genes and of combinations of -^mall numbers of genes 
on heterosis have been studied. East ob.-erved that certain genes exert 
greater effects on heterosis than others and also that a given gene can have 
greater effects in some combinations than in othein. Particidar combinations 
of small numbers of genes may also have special eftect.s on heterosis. Kemp 
and Rothgeb have studied the effects of heterozygo.sity in a single pair of 
genes or in a few pairs. In 1943 they reported that corn kernels heterozygous 
for starchy-sweet endosperm are slightly larger and heavier than when 
homozygous for either character. Likewi'O, kernels heterozygous for tmllow- 
white-endosperm color are slightly larger than those homozygous for cither 
yellow or white endosperm. Douhle-heterozygou.^ kf-rneb. as starcht'-sweet 
and yellow-white, are heavier than heterozygotes for a single one of these 
factor pairs. 

In 1944 .Jones published data couliimiug his earlier observation that 
heterozt'gosity in a single pair of gene.s produce- hybird \-igur (pp. 2S7, 288). 
Later evidence for heterods accompanying single-gene diffeiences was found 
when certain plants showing -light variations pre-umably based on gene 
mutatif)ns were backcrosspd to the inbred parental lines. Hybrids between 
the variation and the parental strain gave evidence of increa-ed growth 
ettit-iency in earlier tlowcring and earlier maturity than their parents. E, 
plants were reported to be gieener and more ihnfty in appearance and to 
gi\'e better yield. 

In commercial meat prodnetion. cro.-sbreeding is (|iiite comniouly 
practiced. C’ro-sbred cattle as well a' .-wine arc ii-cd. and cros.^bred lambs 
have proveii e.-pecially popular Experimental work with -wine is being 
conducted in the Midwe-t -ttife- wlitu'e the value <if heterosi- is being con- 
firmed in incrcaseil weight- trom -mallei amoiinr- of teed per animal and 
more rapid growth of i-ros.-bred ainnial- Poultry breeders ha\'e de\eloped 
inbred lines oi fowl- and are marketiiiu vounu h\-l>rid chick- which they 
a.'sert will -how high enu production. 

THE (iEXEIK.' EX PL.\X'A I'K )>,' ( tE IIETEIK ),'sl.-s. In ve-tigator- 
have sought the caii-c or the important phenoiai'imu of heti'ro-i^. The 
eai'lie,-t explanation of hybrul viaor wa- ottered by Kcebie and Pellew in 
1911. They had cro'-ed two halt-dwarf xaritTie- of the aarden pea. 
^ntii'inn. and found that the E wa- inarenally taller than the parental tvpe- 
(.)ne oi the-e wu'ietie-. the Autocrat, \\a-3 -i tect in lieiuln. Imd -trona thick 
-tern-, large lea'.'e-. -hort internode- about 3 luclu-- in ienatli. and a -low- 
growth rate The other variety. Hoiuituni, wui- 3..'i t fcei m height, had thin 
sterns, sniaiier leax'e-. long internode- atioiir .‘i 7 I'l' he- n. lenatii. and a rapid 
rate of growth The f plant- wt w 7-s leer higii and had rhn-k -tern.- with 
long internode-. 1 he aiirlio; - expiana'ion o: rho '.ai'ge and x'igoroiis Iwbrid 
plant,- rested on the uitcinction and addnive f-iTfcr- or the gciu— ilerermining 
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thick stems and those determining long internodes from the two parents 
recombined in the Fi. This gene action is similar to that mentioned for 
height in sweet peas and in broomcorn (pp. 251. 252). i\Iore recent investi- 
gators have thought that the explanation of Keeble and Pellew is inade- 
cjuate to account for all case.s of hybrid vigor 

Ashby, who favored the phy.Aological explanation of heterosis, suggested 
that hybrid vigor is related to increased size of F, embryos. But Flatcher in 
1941, working on heterosis in the tomato, failed to confirm the association of 
hybrid vigor with an initial advantage in size of the embryo. The hybrid 
embryo showed heterosis, but its ctfoct was soon lost in the expression of the 
developing c■haracter.■^ of the fruit of the maternal plant. Hatcher rather 
favored an explanation of hetero.sis based on some specific effect of hybridity. 
Other investigator> have eontended that heterosis could be explained on a 
genetic basis. According to the genetic interpretation, increased size and 
vigor of hybrids are owing to the romliination of favorable size and growth 
genes when two races are cro^.>ed. In some cases hybrid vigor may be the 
result of the cumulatit'e or additive effect of these fac'orable genes. 

In 1917 D. F. Jones published a genetic explanation of heterosis which 
has had geneudly fat’oralile con'ideration among geneticists. Jones com- 
bined the earlier ideas of Shull and of Fast and Hayes on the stimulus of 
heterozygosity with the tact- of linkage 'pp 1 Ui-148). As a background for 
his hypothe.'i.s. he ('mjiha^izt'-; that the characten'tics of size, vigor, yield, 
and other growth feature- are conditioned liy a \ ery large number of heredi- 
tary factors. Some of tlie.-e genes are fa\'(.)rable to growth, and some of them 
are unfavorable. The author assumes that in gimeral the normal or favorable 
characters are dominant or partially ilominant over the abnormal or un- 
favorable ones. ( trgani-m-. a- the \'ariotis inbred lines of corn, differ geno- 
typically. Specific gt'uc pair- may be present in the dominant state in one 
line but in the homozc'gous-reces-ive .state in a -econd inbred line. 

These homozygou- organisms ntay be thought of as complementary 
forms. f(H- in hybridi/atioii one form may bring into the cross what the 
second lack.- in the wav of dominant gene'. Thu,- a hybrid may have more 
dominant and fa\'orable henalitary units than either of its parents, and for 
thi- reason it ma>' bat e greaier '. igor, attain gri'ater size, and yield more 
than either of the iian'iit.- Becaii.-c oi the tavorable combination of the 
genetic factor- iin olc cd. the hybrnl may even exceeil the mean ot the parents 
in these re-pect-. 

.ks a simplihed explanation, let it be as-uined that two homozygous 
parent-, as two inbred line.- of eni-n. are ero-.-ed to produce an F. hybrid. By 
disregai'iling mo-r of the chi onn >'(une- and concentrating on a single hypo- 
thetical pair ni chi I inio-oinc-, each i ontainmg -ix pair- of allele-, it may be 
po—ible to t i'uaiize the e-'cnliai leatui't .- ot .lone-'- theoretii-al explana- 
tion of heterosi- ! Fig lo t Let each ot the dominant lactor-, a- .4. B. C . 
etc., have a value ot 1 in growth development and as-ume that Inbred I.inel 



288 


IXFLrEXCE OF MULTIPLE GEXE3 IX DEVELOPMENT 


is homozygous dominant for three favorable-growth factors, as .4.4, CC, 
and EE, while it is homozygous recessive for the unfavorable factors bh, 
dd, and ff. Likewise, Inbred Line II may be assumed to be homozygous for 
the favorable dominant factors BB, DD, and FF and homozygous for the 

INBRED LINE I INBRED UNE 2 



Dominant Growth and Size Genes 
from both Parents Combined in 
E| Hybrid 
A+B+C+D+E+F= 6 

III,. I.'!! ,tv FIkte.ru-i^ ix thk F, H-innin hf.twckx Two Intsred Lives. 

U!i{ a', i.i; :t ! ' 1 C r(i'c--i\c cciip, ,j,, uud .VII ot rhc't- gciies are carried in 
the c( iri'c'Cioniiucj: pair ot chroino.-^ome-' pair Xo. 1 in each of the inbred 
liuc'. 7 L ’'-Oj 'll roi.>i<h_r,d cor'i pit !r,i /i fu /\f . in that each line 
earric- the lavoratCc dominaiit genes lacking in the other one. Because of 
the as.-^igi.ed \ alup ni 1 for enr-h nt the dominant ia\'orable-growth genes .1, 
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C, and E carried by Inbred Line I and for B, C, and F carried in Inbred 
Line II, each inbred line may be regarded as having a value of 3 in growth 
and development. When Inbred Lines I and II are crossed, each parent 
contributes one member of every chromosome pair to the hybrid (pp. 50, 
51). The chromosome of pair No. 1 from Inbred Line I carries the favorable 
dominant factors .1, C. and E, and the unfavorable recessive genes b, d, and 
/. The corresponding chromosome from Inbred Line II carries the favorable 
dominant genes B, D, and F with the unfavorable recessive alleles a, c, 
and e. The favorable-growth and -size factors B, D, and F, lacking in the 
Inbred Line I, are supplied to the hybrid by Inbred Line II. The hybrid with 
a combination of the favorable-growth and -size genes from both parental 
types thus has a value of 6. because it has 6 dominant genes, A, B. C, D, E. 
and F. Since the genes are regarded as fully dominant or at least strongl\- 
dominant, they tend to overcome the unfavorable-growth effects of the 
recessive alleles a, b. c, d, e, and / also present in the hybrid combination. 
Similar behavior may be extended to all pairs of chromosomes and numerous 
pairs of size and growth genes in corn or any other species of organism. 

In this explanation of heterosis, it is important to consider that inbreed- 
ing tends to increase the homozygosity of the inbred lines for all types of 
genes. In some cases organisms are rendered homozygous dominant for 
factors favorable to growth, size, and yield. Simultaneously, the same 
inbred line may become homozygous for some unfavorable genes. In other 
inbred lines the same growth factors may become homozygous but in differ- 
ent com.binations than those found in the first inbred line. The genes occur- 
ring as homozygous dominants in the first line may be found in the homozy- 
gous-reee.ssive state in the second inbred line, while still others may become 
homozygous dominant. Thus, with a large number of growth genes involved, 
no inbred line can have all the genes in the favorable dominant state. Some 
are in the unfavorable rece^.-^^ive .>tate. 

The fundamental feature of .Jones’s explanation is the assumption of a 
fortunate combination of favorable-growth genes associated or linked 
together in the members of the homologous chromosomes brought into tin' 
genotype of the Fi hybrid. Hybridization of two inbred lines bring' to- 
gether a larger number of favorable-growth genes than can be found in any 
one line, Becaii.-e of the different distributions of numerous favorable gene' 
in the several inbred lines, no single hybrid between any two inbred liiie.- 
could possibly combine all the favorable genes in the species. For thi> 
reason hybridization of Fi X Fi has been successful in double and multiple 
crosses. 

Jones also considered the second and successive hybrid generations and 
demon.'trated theoretically that only the F, could possibly have the maxi- 
mum number of favorable dominant genes. Because of recombination of 
chromosomes in the genotypes of F; and succeeding generations, there i' a 
reduction in heterozygosity and an increase in homozygosity. Thus the 
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number of instances with favorable dominant genes decreases, and the 
number with unfavorable genes in the homozygous state increases in F-:, 
Fs, etc. There is a reduction in the value of the genes for size and growth as 
self-fertilization and homozygosity progress. 

Heterosis is an unfixable condition that cannot be perpetuated indef- 
initely from generation to generation. This fact is recognized in commercial 
corn growing when hybrid corn loses its initial advantage of uniformity, 
vigor, and high-yielding qualities in the Fj, F3, and succeeding generations 

(pp. 281 . 282 ). 

In addition to the theories and explanations of heterosis mentioned 
above, other explanations have been offered. The problem is still unsolved. 

SUMMARY AXD COXCLUSIOX OF HETEROSIS. Heterosis is a complex 
phenomenon which is difficult to e.xplain completeh’. Xo single explanation is ade- 
([uate for all cases, and none of them has been proved. In most cases involving size 
inheritance, a great many factors, genetic and physiological, are involved in heterosis. 
Each pair of alleles contiibutes its effect to the development of the organism. Besides 
the contribution of each piair of alleles, the units of the gene complex interact as 
complementary, sujiplementary, and [leihaps even inhibitory factors. In the inter- 
action the epistatic effects, too, influence the final development of the characteristics 
of hybrid oigaiiisiii'.. Possibly all cil the suggested causes and some as yet unknown 
tactois are involved in the expression of heterosis in F i liyhrids. 

The relationship bptneeii heteiosis and the recently active fielil of developmental 
aenetics can lie profitably added to the study of size inheritance and should be a 
fruitful held tor furtliei investigation (pp. 399 - 410 ,i. 

Questions and Problems 

1 . What i' (ialtoii'- Law of Reiri'Cs'kiii? Upon what data is it based? To what kind 
of chaiactei- can I ialton’s Law ot Regression be applied’’ Does a knowledge of 
Mendcliaii pi iiiri]ile' -bed any baht 011 the cau.se ot a iegies.sion? 

2 . t\ hat 1' .lohaiiii-pn's Pure-line Theory? Upon what data is it based? How did 
.lohanii'en ol>tain a piiie line’’ ( lenctically. what is a puie line? 

y. Wliat 1' the effect of seleetion within a pine line? Discuss the reasons for your 
opinion. 

4 . \\ hat IS meant iiv pii.iaeiiy tc't or selection based on proaeny peitormance 
\\ hat are the ciiteiia of a aoml sn-e in a herd nr a flock? 

.5, hat ueie the le-ults oj (loodale ' e.xperiments with mice in 'election for 111- 
ciea-ed weight Sia-ed on the pioaenv test? 

(i. Doe- the niiin-ipie i>i -election based on the pioaeiiv te't have any practical 
appliealn '11' :ii amnia! ineedim;’’ 

7 . A hat 1- iivtiiid cftin? How doe- tlie livhiiii com of coninii'i'ce ilitfer geneticalb’ 
ironi oiihuaiv roin \\ hn 1: is al-o hvbnd’’ 

s. r.\;i!!!iri tIic ’oieeilnii: metiioii- by which corn hybrid- aie pioduced. 

9. All' if n<-ie— a;v to practice -election ill the iniired -tram- ol corn’.’ W liy are 
iidoed iiic- !")t ad epualiy valuar>lp in hybiid-coni uoik’’ 

10 A hai i - : eeo 1,0 0 chnif pie .- ii-ed in makiiat the th'ulile i.a o-s m 001 n ’’ 

11 W!.'.' r no. -I — ■fvro: the r.mnei animaliy to obtain h} i nid-em n -eed iioin it' 
diiuiiia' -eiiice? What haupeus to liy'hrid corn m the Id, F ,, and succeeding 
acneia.ta m-’’ 
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12. \Yhat are the data on tests of the yielding ability of Fi corn hybrids as eoni- 
])ared with .standard open-pollinated varieties? 

13. Have methods of self-pollination and crossing inbred lines been de\ eloped for 
agricultural crop plants other than corn? 

14. Cite some of the lesults of the self-pollination and ciossiiig technique in various 
plants. 

15. What is heterosis? Does hybridity always e.\pie-is it.self in inciease.l size? 

16. Cite some exanpdes of heterosis or hybrid vigor. 

17. In general, what theories have been offered in explanation ot the phenomenon m 
heterosis? 
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section 6 


Biometry— the Statistics of Genetics 


Genetical data usually lend themselves to mathematical tieatment. In fact, 
Mendelian heredity is based on mathematical methods and wa.s known as mathema- 
tical biology in Mendel's time. Quantitative characteristic' especially need to be 
studied mathematically. The application ot mathematic.^ to the study of heritable 
traits has been called biometry, literally the tneartunmtnt of life phtnotntna. More 
recently the term statistics has been used, but actually it is tlie statistics of gcmtical 
'lata. The direction nt attention to the frequency of occurrence of certain genes in 
wild or uuselected populations has given rise to population genetics. This study has 
been based on the application of the Hardy- Weinberg l.av of Equilihriuni. proposed 
ill lOOS. By the use of this law, it is possible to arrive at estimate' of the frequency of 
certain genes in tciM population'. It is useful also in similar estimation in nnselectcd 
human populations. 
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chapter 15 


Statistical Consideration of Quantitative 
Characters in Living Organisms 


Data on mea^^ul■u^tle chara(■teri.■^tiL•s art* t'rei|iiently studied by statistiea! 
tefhiii(iues. because q\iaiditalivt characlrns usually /u/'m a contiitnou.s yc/'i( 
which cannot be readily grouped into visible classes or ratio.- The u-e of 
statistical methods makes it possible to learn about the t'ariability of a 
population, the comparative variability of two or more populations, and 
something about the inlieritance of (luantitative characti'i’istics 

Wlien biological material is being studied liy statistical methods, it is 
the group, not the inrlivi/luat, which is being con-idered. A- Davenport ha- 
said, statistical analysis considers what may be e.xpected '’in the long run" 
or on the average in a number of cases. More r(*cently "Walker pointed out 
that wliile mathematical law-, as c = 'lirr, hold unit'ersally and ine-(‘-apably. 
statistical laws deal with trentis. 't'iius, a -tati-tical fact or law may be true 
III general for the group at large but not true for evt'ry iiidi\‘idual in the 
grotip. 

Biological Data Based on Measurements of a Sample 

When a number of indivnlual- are measured a- to height, weight, nr 
any other f]uantilati\ e characteristic, tin- number though perhaps relatively 
large rejiresents. after all. only a amall samph of thi rntiri populntinn with 
the cliaracter. Sampling would not be ne<*es-ary if it were pos-ihle to collect 
data on a whole population. It one wanted to know the a'.a'tage height of 
the l>oys entering American college- in any given year, this problem could 
be -(jived in one of two wa^'-. Fir-d. actual mea'Un*ments of every ('iitering 
freshman might be collected from all colleges in the bnited States, and the 
average height computed from the-e (data. With accurate inea-uremeiu- and 
correct mathematical procedure, no error in the calculated average would he 
expected. But this method hu' the obviou- objection of re(iuiriiig rime and an 
immi'n-e amount (if work To meet --iich objection-, a .-irtinil method, the 
-Tati-tical analysis (jf samples, has been (Je\-i-ed. A ■^amph con-i-ting (jl 
10(1. .300. or 1.000 boy- entering American college- might be mea-ured, and 

20.5 
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the average height of all the hoys estimated from the sample. An average 
computed from data on a sample may contain inaccuracies, the extent of 
which may very well depend in part upon the nature of the sample. Samples 
should be taken at random in order to he repre.sentative of the population, 
and they should be sufficiently large to include a fair distribution of the 
variable elements. In any event an average of this kind is recognized as a 
Statistical estimate, which it is hoped represents approximately the true 
average height in the whole population of freshmen entering American 
colleges. It is with the second method that statistical analysis has to do. 
Samples of populations are used in statistical work in order that the whole 
population need not be considered. 

Graphic Representation of Biological Data 

Since East was unable to recognize cla.s.se.s and ratios in the Fj generation 
of the cross between Xicotiana fort/etiana and .V. alata grandiflora, he under- 
took statistical studies of data from this cros.s (pp. 257, 258).* The material 
used in East’s studies will be taken as an example of statistical treatment. 

THE DATA. East measured the corolla lengths of flowers from 170 
plants of the parent species, X. forgetiana, 167 plants of the other parent 
species, .V. alata grandiflora. Ill plants of the Fi hybrids, and 828 plants 
of the Fi generation, recording one measurement from each plant. The 
corolla lengths ranged from 17.5-32.5 mm. in X . forgetiana: 62.5-92.5 mm. 
in X . alata grandiflora: 32.5-52.5 mm. in the Fj hybrids: and 22.5-87.5 mm. 
in the Fj generation plants. Statistical treatments of these measurements 
were used to compare the parental types and the Fi and Fj generations. 

MEASI'REIMEXTS OF A S.\MPI,E. Although measurements were 
taken from all F-j plants of this cro.ss, theg actnalbj represent data from a 
sample. The available F.. plants were only a small sample of all the possible 
recomhination.s. There might have been 1.000. 10.000, 100,000, or 1,000,000 
Fi plants if a .-iutticient number of seeds of thi.s cross had been planted and if 
it had been practicable to grow these large mimbers of plants. A.^ it was, the 
sample ol 828 mea-urements yielderl stati.slical istimales that were applied to 
the nitire I j population. I hcse facts should be kept in mind in any discus- 
sion of statistical analysis. 

Classes a.\d the FKFX,(fExrY T.khle. Some kinds of measurements 
naturally tend to be arranged into groups or classes, for example, the num- 
ber of rows ot grains on the ears of corn or maize. The number of rows varies 
from 8 to as many as 24 on each ear. Since in corn the rows of grains generally 
occur in pairs, they tend to group themselves into classes, as those with 8, 

10, 12, to 22 and 24, with intervals of 2 rows. Host measurements of 

biological material show no such natural grouping. In studies of large 
numbers, the measurements are taken indiscriminately jUst as they happen 

* I’a.'t L. M.; " Inhcntancp of Flowr-r .siz,. m Crosst-s 'netwccn .spcrirs of Xicotiana. " 
Bot. Gaz. LV:177-188 '1013.. 
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to occur. Examination of such data ccill frequently show a relatively few 
extremely large and extremely small types with larger numbers of forms 
intermediate in size between the extremes. As the first step in statistical 
analysis, measurements of this kind, as, for e.xample, those of flower sizes 
on 828 F 2 tobacco plants, are often arbitrarily placed into groups or classes. 
This grouping of measurements is a simple classification of data which indi- 
cates the nature and variability of the population from which the sample wa^ 
taken. 

The principal reason for grouping measurements into classes is to reduce 
the data to workable proportions and to make them easier to analyze if 
machine calculation is unavailable. Several methods have been devised 
for grouping measurements into a relatively small number of classe>. In all 
of them, each class contains measurements of the same or approximately 
the same size. The choice of limits and class intervals is arbitrary but 
depends somewhat on the nature of the material and the size of the sample. 
If half units are selected as the limits of each cla.ss, for e.xample. S.o. 11. 5. 
14.5, etc., the mid-point of the flr.st class is 10 and of the next cla'^^c' 13. Ki. 
etc. Then the mid-points of the classes are whole numbers which appear in 
the calculations incident to statistical analysis. 

East selected a range of 5 mm. for each class. .\11 measurements of 
corollas from Fj plants falling between 22.5 and 27.5 mm were gr(.)upcd 
into one class. This class then had a class center or class value, generally 
written of 25 mm. 'I'he number 5, repre.senting the number of vai'iates or 
measurements in this cla.ss. i.- called the class frequency, generally written f. 
The next class included all measurements between 27.5 and 32.5 mm. with a 
class \-alue of 30. The limits 22.5 to 27.5 and 27.5 to 32 5 are called the 
class limits or class interval. In grotiping into cla-^ses. tho<e mea.'uremcnt' 
exactly at the class interval, as at 27.5 or 32.5. are all placed either in the cht'' 
below or in the clas' abo\-e the interval. The data for all S28 plant-< were 
grouped into 13 classes with cla.ss \ ahies at intervals of 5 mm, ranging from 
25 to 85 mm. The class interval is determined at such a \ alue that the num- 
ber of classes will be neither too great nor too small. Data from the two 
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parental types, the Fi generation and the F-j plants, were grouped into a 
table called a frequency table or a table of frequency distribution. The 
class centers or class values were written as even numbers from 20 to 90 
mm., each at the top of a column in the table. The frequencies of the variate.'; 
were then written in the proper column. The source of the measurement, 
parental type, Fi. or F-.. was indicated at the left of the table (Table XXIX). 

The Histogram and Frequency Polygon 

In order to have vi.<ual comparisons, data from the freciuency table may 
be represented on coordinate or cros.s-section paper in the form of a histo- 
gram or polygon. Each cla.ss and actually each variate of the sample occupy 
a rectangular area in the histogram. This method of representing data ha.-; 
been called the “method of rectangles." The area chosen to represent each 
variate is quite arbitrarily selected, but the size of the area should be stich 
that it is possible to work all the data into the histogram. 

t'OXSTRUCTIOX (IF THE III8TOGRA1M. lYhen the size of the 
area representing a single variate has been determined, this area is multiplied 
bv the number of variate^ in the lowest or smalk'st class. In the data on the 
F.; generation of tht' cross being considered here, the smallest group had 
five plants with flowers having a class value of 2.j. Thus the area representing 
the lowest class is five times the size of that representing a single variate A 
rectangle corii'sponditig to this anat is th(m constructed on the base line. 
Xexr a similar rectangle corresponding to the area representing tin* second 
i.i constructed on the base line immediately to the right of the first 
rei'tangle. Rectangle.-' corresponding to the area representing each clas,> are 
con-rructed until the last measurement has been u>ed. 

IXTEUPRETIXG THE IHSToGR.VM. The result of assembling 
these rectangle- i- a histosiram showing the proportional size di-tribution of 
the jiopulaTion -tiidied The area of the histogram represents the exact 
number of ^'ariate- in the .-ample 

Figure show- hi-togram.- repre-eiiting measurements of the varia- 
tions in corolla length of both jiarental -pecie- and the Fi and the Ib gen- 
eration- The-e hi-togram- -how' that the rariability of the generations 
differs, (if all the rypt-- X . for<it tin hu -how.- lea-l \ariability The figure re- 
p,.p.pnting thi- parental type is very l■ompa<•t. with little spread in the range 
of I'ljrolla length. .V, nlntu ijriimlitioni -how- -lightly more dicer-ity. The 
F; geiieratiiin al-o ha- a compact hi-togram iiidic-ating uniformity in corolla 
length In thi- feature the Fi i- inrerme<liate between the two parental 
speries. 

The hi-tograin of the F.. generation shows the great \ariabiliry of that 
generaiioii. In-Lie'-riun of the ba-e line of rhe polygon -how- rhe range ol 
the -i/e ’.aliaooii- iroin eia-- 2.'i mm to '- 01 -- s,.'> mm ( ompari-oii- with the 
hi-Togr.iin- of the pareiual type- -licc.v rhat tlie I . flower- do not exreeii the 
range of -i/e of the I’-, -pei-n--. The difterenee- in \ariability of the Pi. I'l. 
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and Fo generations are the result of the action of the group of multiple genes 
conditioning corolla length. 

In hybridization the combination of size genes from both parents results 
in an Fi heterozygous for several pairs of size genes. Some of these condition 
long and some short corollas, and consequently the plants of the Fi genera- 
tion tend to be intermediate between the two parents. If the parents are 
highly homozygous, the Fi plants are much alike genetically and show only 
slight variability. If, however, the parental forms are heterozygous to a 
considerable degree, there will be genotypic diversity among the Fi plants, 
and the Fi generation will be variable. The slight variability of the Fi 
hybrids of .Y. alntn ijrandiflorn X -V. forgetiann indicates that the parental 
.species were highly homozygous for corolla size genes. 

Mating F"! X Fi resulted in the recombination of the several pairs of 
multiple genes involved in the cross and in production of very diver.se F^ 
genotypes. The.se diverse genotypes functioned in the development of 
e.xtreme variability in the Fj generation, as shown in the histogram. 

The extent of the base of the histogram or other forms of a graph, 
polygon, or curve is an indication of the range of diver.'ity of the structures 
mea'tin‘d, while the height of the graph shows the number of mea.sure- 
mcnt' taken. Thus a tall narrow graph indicates a con.siderable number of 
variate.s with only slight diversity in the measured character, A broad flat 
graph, on the other hand, indicates considerable di\-ersity in the measured 
cha racter. 

Till'. I'Hl-XirKXCV 'fhe freriuency graph, freriuency curve, 

or variability curve n perhaps more generally Used in published papers than 
the fn'iiueiic\- hi'togram This curve is smoother than the histogram and is 
made by cdiiiiecting the center points at the top of the reetangles repre- 
'eiuing the area' of the chts'cs and then hringiug eaeh side down until it 
ajiiu'oai'he-. but does not quite reaeh the ha.'e line at the eht's limits. 

THi; XOKMAL crUVK IX STATL-<TIC.\L AXALY.^IS. The 
ininnal cuine, the re'iilt of a mathematieal ah--traetion. is a symmetrical 
graph Hecau-e niea'Uremeiit s ot a large series ot totallv unrelated events, as 
rowing eoiu-. f(jr head- and tails, arranged in the order of their frequency arc 
di'pei-'ed or di-tributed m a form that approaehe' the normal riirce. this 
eraph i~ often i-allcd tht' cuni of prohnhiJ it -i itr tho rn rri of i rror. Historically, 
the e.nrma' curve wu' iliscovered by the mathematician I )e Moivre who. 
in tryun: to aid gambler', rliscoc-ered that the random variation in the 
mimbei'' ot head' and fail' correspnnded m the lurm of this graph. 

1 he iini'mai ciirs'c may be accurately plotted with area determination' 
toi' al! oi it' jiai't' tiv a mathematieal formula. When computed in thi' 
'.vay T lu' ~ymmetr'!ca. 'lUes lorm the tvpi* al bell — ^haped granh Fig, 

>iMi e the range oi '.'ariate' i' lunnhe, the 'idc' oi the cm-c’e approach but 
do not remh the b.-i'C nne, indicating rheir rheorericai exTcn^ioii to intinitv. 
In a jiericct normai curve a p^■^pclldIcu:ar line erected at a point on the ba'C. 
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representing the mean and reaching the highest point in the graph, is the 
median or middle value and separates equal areas, right and left. 

The type of data which most nearly fits into a normal curve is that de- 
rived from an extensive series of events, each one of which is determined 
purely by chance. If, for example, four or five coins are simultaneously 
tossed a thousand or more times, the graphs formed by grouping the data 
on the numbers of heads, tails, and heads together with tails may approxi- 
mate the form of the .symmetrical bell-shaped curve. The largc'r the number 
of the distinct events, the more nearly may the graph be expected to ap- 
proach the form of the normal curve. 


Medion 

i 



Fig. 13P. A Xorm.^l Curve. 

fti'aphs made from bitdogical data nuni approach the normal cmu'e. For 
example, when the height.s of the 10,000 corn phuits usually grown on an 
acre of land are grouped in a fre<iuency polygon, thi' graph may clo'cly 
appro.ximate the form of a normal curve. Such fluctuating variations of 
height are determined by a large number of ind(‘p(mdent causes or factors, 
genetic. phy.si(dogical, and environmental. In thi- .at'e. al.'o, the anai under 
the curve repre.seuts all of the raea^uremems recorded. 

Parts of the Curve. The parts of :i polygon or cur^e uenei-ally cic,- 
sidered are: 

1. The raiiiji . the distribution of the variate- repre'cntcd by the ba-e of 
the polygon or cuia c 

2. Thi Wiilian. the middle value of all the t ariaie.- of rhe -ample Thu- 
one half of the variate- has a value les,- than the median and one half 
a value greater than the median. The median can be calculated mathe- 
matically and on a ireciuency graph: it i- that point on the ba-e line 
or hasp scale upon which a perpendicular line may be erected di' idiiia 
the area of the polygon into two appio.xiiuately eoytai bab e- In thi- 
case the iiidit'iduul wifiate- lepte-eliied in the alea to the .eft ale 
.-ma!!er than thu-e repre-eiiTed in the atea to the right ot th- media.n 
In the normal curve the median and the mean n irre-poiid. In eru-.e- 
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derived from measurements, the mean and the median may only 
approximate each other 

3. The quariile, the distance along the base from the median to a point 
at which a perpendicular line will divide one half of the polygon into 
two eiiual parts or (iuarters of the whole polygon area 

4. The moile, the class represented by the tallest rectangle in the histo- 
gram or ordinate in the polygon. It is the cla.'S with the greatest 
number of variates. Actually it is the most “fashionable" class. 

The point' on the base line of a polygon at which the median line, quartile 
line', or other fractional 'uhdivisions of the polygon may be erected can he 
computed, ^^ome data art' of a nature to be grouped into characteristic 
modifications of the basic or normal mouomodal cur\'e. Among these 
moditication"^ may be mentioned the bimodal, multimodal, and skew curves. 

Biometrical Constants or Statistics 

Hp'ides method' of graphic representation, mathematical constants as 
the ui’ir(uji i.u’ nuan, the ■•^tuiKlard ih vintion . the prohubh t.rror, the ■•^ttindanl 
I rror. the cdi tfleu at ot rnnnhibtii. and others are used. These constants or. 
mon propuio. statistics are olitaiiK'd by calculations from the data. Most 
of rliC'C constants are derived from attributes of the normal curve. The 
mathematical formulae lor mo't of them are directly related to certain 
areas under the graph of tlu' normal cur\'e. 

SdA'l'lSTK '.■< .VllK KSTIM.-VTES Actually each of these constants or 
statistics, the mean, the standai'cl dex iation. the jirofiable error, the standard 
error, the coefficient of variation, and the coefficient of correlation, is merely 
a )r)iithi nmtieiil i --ti/roiti I'l tin Iriii or parameters of the population from 

w Inch a sample Ini' 1 lecii analyzed. Each siich f .it > mate is called a statistic in con- 
trast with the parameter i ir true xailue < ’ollirtm I q tin.. in ( ill on it' nrt statistics. 

Till-; MEAN Th<>re aiv several kinds of means 'I’he arifln/n fir nnnuie 
or mean and the o<ninilne iindti arc important in biological statistic'. In 
gencial vlicii rlii- term onm, i' ii'crl, it i' the arithmetic average or arithmetic 
mean 1 he other ■ means jire generally specif;, .^[jy designated a' 'Uch 
when U'cd in publication' 

( al''uiatio]’ ot tic- alithiuetn- mean, . 1 /, invoh'P' the addition or summa- 
tion ot an mc.i'urcmcnt ' ami it- ilivi'ion by the total nuiubt'r of measure- 
ments, ;/ lie- ( Ti'eck li'trer large y, is used To indicate the 'iimma- 

tion 1 oi cxaiunie, II tilde ale tue liovs 111 a ela" and it their weight' are 
llti. l-Ili, l_’o. IJs. and btO pound', their total weight or the summation of 
tlieir indl’.'ldlia t'igliT-. 2 . 1' I'lL’II, 

•' • '!• I'dl.,* r* i l 1 i” i"! 1' 111 lirH’'-! r ' j * f. I [s.',,.; 

‘Ml’’ •s'-rMi-EM-l -h .M:trii)T, u-o U'-t'" 

!' ' -E'l *''' 'i-- 1! ii.-.-n: rh:*T m 

/I 
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Summation ot total variates Z • , • 

-j r j ^ = — or. m thi.^ ca.^e, 

1 otai miniher ot variates n 

110+120 + 126 + 128 + 130 620 

_ _ _ 224 pounds 

o o 

When machine calculation was unavailable, a more workatile method was 
needed when there were 828 measurements, as in the Fj generation of 
tobacco plants which East .studied To expedite the calculation, reference is 
made to Table XXX. where the grouping of measurements permits multipii- 

TabU XXX 


Data for the Cai.cui.atiox of the Arithmetic-meax Length 
OF Corolla in the Fj Generation Xiro/iana fonjetiana X 
A irufiiinn (lUitii ijKinditlijia 


C/n.s.? Ratujf 
in Min. 

M id-clais I'alne 
III Mm 

V 

Freqnenrif.-s 

t 

Fft (p! yncipx 

X 

yalui‘!< 

■ /■ 

22 .5-27 

0 

25 

o 

125 

27 .5-32 

0 

30 

27 

810 

32 0-37 

0 

35 

70 

2 705 

37 5-42, 

. 5 

40 

130 

.5.440 

42 . .5-47 

5 

45 

125 

.5,025 

47 0-52 

0 

od 

132 

0.000 

52 .5-57 

0 

.>') 

102 

5.010 

57 5-02 

0 

oo 

105 

0 300 

02 5-07 

5 


04 

4,100 

07 5-72 

0 

70 

30 

2, 100 

72 .5-77 

0 

It'S 

15 

1 , 1 25 

77 5 -S2 

0 

M) 

4) 

180 

82 5 -.87 

~) 

■So 

o 

170 




n = 828 

r r -.r =41 310 


M = 
M = 


cation of cla.s.s t'aluc'' and freiiuencic' to reach their sum without indi\ idual 
treatments, Xow. when machine calculation has supplanted this laborious 
procc'S. the raw experimental data are used directly without sacrihce of 
accuracy in the grouping. 

The slim or IC. reached either directly by machine calculation or in- 
directly trom grouping in a table, can then be divided by the number of 

variati's to give the mean, as .17 = - = 49. Sh mm.,'' the mean length 

of the i-orollas of the flowers of the Fj generation of the cross. 

The ( iEOMETRir AIean. The geometric mean is fre(|uently used in bio- 
metrical work, especially during recent years in statistical analy'i' of puan- 
titative characters. For example. IMc.Vrthur has .shown that the F; hybrid. 

* HHr-au^+ of riitiVronce.'? m hrindlmg the and third place dcr-irnaN th^■ calGula- 

tion? in thi< di^cu^'ion vary ^li^brly from those piihli^hod hy Ka-st. 
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between two tomato plants differing markedly in size of fruit, more nearly 
approaches the geometric mean than the arithmetic mean in respect to 
fruit size. This fact indicates that the actions of the major genes, con- 
trolling size in the tomato fruit.s, have a multiple rather than merely an 
additive effect (pp. 203-20(3). 

The geometric mean of two qnantitiesis the square root of their products, 
as, for example, the geometric mean of 3 and 12. Geometric mean = 
Vs ■ 12 = \/3t3 = (). as compared with the arithmetic mean of 3 and 12 

which is = ^ = 7.5. Thus the geometric mean is slightly smaller 

than tlie arithmetic mean, unle.ss the two quantities are eiiual. If a number 
of \-ariates, V. are involved, the geometric mean may be calculated by the 
formula . 

Geometric mean = \ I'l ■ v-> ■ v., ■ r,, 

In thi.' calculation the nth rout of the products of the series of variates is 
indicated. 

Devi \tio\ fuoh the Me.ix. Since the average or mean is between the 
lowest aiul highest values, most of the individual variates and class values, 
when grouping i' used, will vary or deviate from the mean. 

Tlt< t^fiindaril lifnatwn Statistics may he eah'ulated which are estimates 
of th(' \-ariati<in of a population sample. One of these i.s the standard de\'ia- 
tion. U'Ually indicated by tlie small Greek letter dgma. (j. From a table 
airangeil as Table XX.Xi. without individual multiplication, the essentials 
may again be calculated if a machine is not available. 

The formula for calculation of the standard de\dation is 


a = 


''Z'/ • i] '- 

\ " 


"l ().■).( I! >0 
\ ' 'S2S 


= 1 1 27 mm. 


Thus the 'taniiai'd de\iation, a. lor corolla length^ of the flowers of 
plants Ilf the F. generation of .V. /(irfjtiinrxi X .V nhita ijraiKlijlurn is 11.27 
mm troiu the mean eorolla length Ib.n mm. 

Wirli the uici’ea-ed u-e of machine ealeularion. other formulae are em- 
ployed to accommodate the u-e ol all indi\dduH! \ainatcs in data without 

. , . Zb.X-.rW 

resoiT To groiuimg' ( )ne ot rhc'e o-- = ^ — with 

— 1 

/ — 1 = The degree- ol ll’eedoin’’ 

I = t lie individual Variates 

.? = rhe iiiiThmeTie mean 

./ — X = The deviation of individual cariate' from the mean 
-■ = fleouei.ev. 


' ' — 1 's •' = rcanrifT o: viri.Ui-- purtn-uLirly uir'ii -mail .samples, 

*■> C;"'i ■; ■ , ■'.iir, ii.ijT'- O'pri — TVa'iv n! tie. anpu! Oiei, Than it ’-vijuM Ee l.y 

i-mg " !i .1 'imi,.- 1- i.irg' a- iii t.,e lvis- of .sgs corolla r.ica.-.ireiiieiits. there is iittie 

iiffereaee he'we-n 'i = acd n — 1 = s27. 



Data kiiu ■iiiio ( 'amti- vtion iii'- -I'lii': Mkw A\ io)tAiii-: 1)i-:\iatio\ and S'I'andakd Deviation' oe ('okoi.i.a Lenotm in tiik I'A (Iioneuation 

OF A ('koss iik'I'wehn \ tcotidiia J'oii/i tidna and Xirdtidiid didia (ji-diiilijldiui 
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For convenience in machine calculation, the formula above is converted 
algebraically into 


— { i:/ ■ X) X 
n - 1 


Vr 


f ■ X- - 


[ - / • .r I - 


or <7- 


n - 1 



a = ^ 


h 


{-/ • -t-r- 

71 

1 


Substituting \-alucs obtained from data on corolla lengths in the tobacco 
cross for the mathematical symbols in the formula, the eciuation becomes 


2 , 166,100 - 


(41,310i- 

S2S 


S28 - 1 


lO.xOOO 

S27 


= 127.0738 


= \ 12/.0(3S = 11. 2i mm. 


In some publications these f(.)rmulae appear with other symbols. 

Mid/tittij of thr s'hi /((?((/■(/ (Icfintio/t . Tin- standard deviation is a measure 
of the variability of a population. It shows the range of the variates and 
indicates the departure of the individual variates from the mean of the 
population. If the values of the plus and minus standard deviations are 
plotted on the base line of the curve and perpendiculars are erected at these 
points, the area of the polygon between the two perpendicular lines will 
contain two-thirds of all the variates. Applied to the F; generation of the 
tobacco cross, a standard deviation of 11.27 mm. indicates that measure- 
ments of corolla lengths falling between 49.9 — 11.27 = 38.63 mm. and 
49.9 — 11.27 = 61.17 mm. may he expected to constitute two-thirds of the 
total of S2S mt.'a'uremcnts. flow nearly does this estimate approach the 
fact-? 

How many of the .828 variates fall within the limits of a plus and minus 
standard de\-iation of 1 1.27 mm. where the mean fajrolla length is 49.9 mm? 
Witli measurement' recorde<l in even number'. Fa't's table of mea'urements 
'hoW' that -It'd or 'liahtly more than two-thirds of the total number of S2S 
corollas were between 3 n and 6,2 mm. in length. The dift'erence between .767 
lukI the true two-third.' value. ■7.52, may probably be accounted for by East's 
ili'regard of fractional measurement' 

The 'tandard det iation is an imlication of the nature of the population 
tor ;inx- mea'Urable character. It 'how' whether the variatc" are all grouped 
near the meat; oi the population or if any consideratile number of them are 
'pread at a di'tancc' irom the mean. The standard deviation is an indication 
o! the dispersal ot the vari.ite' irom the mean of the population. In a com- 
pari'on ot two pnputation-. if the measurement' are in the same term' and 
the meat!' roughly comparable, the one with the highest standard deviation 
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is regarded as the more variable of the two. A large standard deviation 
indicates a spread in the range of variates. Also, it is a means of comparing 
the degrees of variability of two populations for the same type of character 
mea.sured by the same standard, as millimeters, pounds, or bushels. How 
this is applied may be seen from a comparison of the standard deviations of 
all the generations of the cross A’, forgetiana X A', alata grandiflora (Table 
XXXI). If the differences in the means of two populations are great, the 
use of the coefficient of variation, C. Y., furnishes a method of comparison 
(p. 308). 

East calculated the constants or statistics for the Pi species and for the 
Fi and Fo generations of this cross. Reference to Table XXXII shows that 
the standard deviation for A", forgttiana was 2.27: for A*, alata graii/liflora. 
5.38; for the Fi of a cro.ss between the.se two species. 3.H7; and for the Fi 
it was 11. 2H. If the standard deviation is relatively large, thi.s is an indication 
of considerable variability. From a compari.-ion of the standard de\-iations 
above. A', forgetiana. a — 2.27 mm., is considerably less variable than A'. 

Table XXXII 

St.vtistic \ i Co.vsT.^M^ B.\si£ri ox from .\ t'Ro — X ii-iitiana (unjetiana 

X Xuatuitia alula ijraitdiftara 


iJet^KjiHillnn 


Stainlaid ('m ITndnit uf 

Del lation Vunutiun 


X . fnruftiaiiii. :114 
.V. alata qr . H21 
FiClU X :12E 
Fs:U4 X 32M-0 


25 (j ± 0 12 

7S 8 ± 0 2,s 

44 .3 ± 0 2:t 

to 0 - 0 2i'. 


2 27 ± 1) US 
5 Its = I) 20 
:■) 07 n 0 1 7 

n 20 = 0 10 


8 so = U,.i3 
0 82 = 0,25 
8 28 r 0 .18 
22 .57 r: 0 30 


alata graudifiorn. a — 5.38 mm. Is there any other e\'idence to confirm tin,' 
suppo'ition? Reference to the hi'tograni' and frequency polygons for the.'C 
two species confirms these indications visually 'Fig. 135 1. The data from A'. 
Junjitiana made a very tall, narrow histogram with a narrow base indicating 
a small range in corolla size The histogram for A', alata grand i flora required 
a much broader base. 

Similarly the greater variability of F^ over Fi iiidi<-ated by a comparison 
of their .standard deviations (11.21) and 3.1)7 1 is confirmed by their hi'to- 
grams. The histogram for F-j required a much broader base for its constmc- 
tion than that for Fi. indicating greater range of corolla length in the I_ 
than in the Fj generation. 

THE COEFFICIEXT OF YARIATK )X. Another measure of varia- 
bility is a stati'tical constant, the coefficient of variation or coeffi<'ient of 
variabiilitv, abbreviated C. V. 'or \ ■. This constant n ba-ed on the 'tamlard 
ilt'viation fr))m tin' mean and is expre-—ed in peri-entage. It is i-alctilated l)y 
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multiplying the standard deviation, a, by 100 and dividing the product by 

lOOtr 


the mean, the formula being C. V. 


M 


Thus in the population .V. 


forgetiana X *V. gratidiflorn. C. V. = 


100 X 11.27 


= 22. .59 per cent. 


49.89 

The coeffieienT of variation is a measure of \'ariatioii or a measure of the 
relati\'e dispersion of the variates in any set of data and may be used to 


Tahh XXXIIl 

Freqi'Ent y Distribt'Tion for Wioth of Corolla i.v the Kj (ae.nf.hatio.v of .a 
Cro.ss BErwEF.x Xiiufiuna fuiijttiiina .axd Xnutiuna ulutn ijrimil iflora 


in M ith i/ii 


'll ) g.~ III .)0 no HO Ho '0 To 


I It; .30 122 104 20.3 107 07 2S 4 1 


compare the \-ariubility of characteri'-tic,' measured in different units, as. 
for f'xample. height in inches or weight in pounds. By using their coefficients 
of variation, it i' possible to compare the relatiA'C t ariabilities of two different 
characteristics, as, for example, the \-ariability in the height of corn plant.' 
in a tieUl and in the amount of grain produced by these plants. (Dr the variation 
in the length of eat' of corn may be compared with the variation in yield of 
grain per ]tlaiit. I.ikinvi'c \-ariatioii in the height of college students measured 
in inches may be compared with tlie variation in their weights measured in 

pounds, 

S'l'ATl.'sTK '.VI. ( '< tX.stT.WT.-s ( )F F.liPdtll. .'statistical treatments 
Usually cannot be apjtlied to an entire population, and the number of in- 
dividnai' measured in any ca'c i- only a 'inall sample of the total popnla- 
tioH There i' always a pos-ibiluy that the 'ample chosen is not repre- 
seiiTalne of the population, ihai i'. it may not he a randoni 'ample. If tlie 
materia! to lie 'tudied i- xanablc. a 'mall number of measurements, e\'en 
though It be a fairic random 'ample, may not include representative' of 
the l■omplt■re range of varuiti-s: -oiuc extremes mav ha\e been left out d'o 
I'onecr let diHiculne' of this nature, a tiirther statistical l•onsrant treijiieiitly 
calculated troiii the data i' the standard eiror. 

'1'hk STWinun Kuiau:. .Vlrhoiigh the probable error ha' been exten- 
'i\civ U'cd in 'tati'tn-a! aiialy'i'. many iircp'tiga tor' have discarded it in 
e\])criniciira I work in lavor of rlie mere U'eful 'raniiard error ni the mean. 
•,\ntte>i .. o!’ s III- iiiietinm^ A The lorrnuia tor tlie ealeuiatioii oi 

the 'taiidaiil ei rot ol the mean is S.F. ... - 

V'/< 
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For the data on corolla lengths of the Fo generation of -V, fonji fianti 
X N. alata grandiHora, the formula becomes 


S.E.„ 


a 

\'n 


11-^^ _ 11.27 
■v/S'^S 28.77o 


0.3916 


The incaniny and u.se uj the staudard error of the inenn. In some treat- 
ment.s of statistics, there appears to he a tendency to confuse the standard 


deviation, u = 






with the standard error of the mean, S'.F., 


= Some authors emphasize that thc.se two statistics have distinctlv 

X'n 

different meanings and that they should be contrasted. The standard devia- 
tion of the mean, a. i.s an estimated measure of eariahility of indiriduals that 
represents the departure of the individual members of a group from the 
mean of the population. In contrast the Mondant error of the mean in an 
estimated measure of the rari(ddUti/ or deciation from the true rahit of the 
artraye of a yronp of tneann which might be calculated. 

.\lmo.st any set of measurements, even when relatively large, may be 
regarded as data taken from a sample of a population. The mean, calculated 
from such data, is thus the mean of a sample, .\nother set of mea.surements 
taken as a sample from the same population might be different from the first 
set and yield a slightly different value for the statistical mean. A large 
number of means obtained from many separate samples of a population 
would be a series of means of diff'erent values, large, small, and intermediate, 
which could be grouped into a distribution curve or freiiuency polygon. 
According to the above conception, the standard error is a measure of the 
variability or deviation from the lailue of the true mean for the iiopulation. 
in this hypothetical group of means, .'^ome authors have regarded it as an 
estimate of the standard deviation of the group of means deri\ed from 
numerous samples. 

.Sometimes if it is important to learn if two samples have been taken from 
the same or from different populations, the standard error is employed. 
Statisticians generally approach such problems by what is called the ‘’null 
hypothesis" under which it is assumed that there are no significant differ- 
ences in the two samples The data from the .samples are treated statistic- 
ally to disprove, if possible, the assumption of similarity. If two samples 
pro\-e by analysis to be significantly different, they may lie considered as 
representatives of different populations. The ab.sence of signiheant differ- 
ences in two samples, however, does not prove that they were taken finm 
the same population. For example, two distinctly different varieties of wheat 
might by chance have exactly the same yield of grain, .'statistical analysis of 
the yields in this case would give no reason to suppose that thc'C varieties 
of wheat were diff'erent but on the other hand would not prove tliat they 
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were the same. The .significance of the difference between the mean.s is 
determined by reference to statistical tables.* 

The use of the term error in these constants is an unhappy choice of 
terminology, since in the minds of .some people the word carries the idea of 
erroneous mathematical calculations. The use of the.se term.s. howe\er. 
in\-ol\-e.s no .such implications. The constants are statistical aids in the 
interpretation of biological data. The standard error may be considered a 
measure of the accuracy of estimated constants derived from a single 
random sample as compared with the true \'aiue of these constants for the 
whole population. In other words it is a measure of the relialnlity of an 
estimated constant derived from a random sample establishing plus and 
minus limits within which the true value of the constant probably lies. 

FntTHER .STATISTIt'.S OF VARFFTTOX. Further consideration of 
(iuantitati\-e characteristics may involve studies of correlation, linear 
regression, variance, and covariance. Detailed discus.sion of the calculation 
of these 'tatistics is too comple.x to be included here The reader is referred 
to current texts on e.\ peri mental and statistical procedure for explanations. 

Questions and Problems 

Pei haps the best method of study in biometry is to collect nica.surenieuts ot a 
random sample of liviim mateiial and then to treat those data statistically as out- 
linci! m the di'cu^sion ol statistical analysis. 

Thf Data 

.suitable material fur measuiim: may be lound almost anywhere, as. for example, 
the lieiaht oi plants in a corn field, the lenath or weight of the eais in a corn field, the 
weiitht of arain on eai-ii plant, oi the weight of araiii un each ear ot cfivii. Other 
inatciial may be lound in the size or weiitht ot apples i,ii an apple tree, the size or 
weiLtht ot iiotatof.s ni a field, m of ungraded samiiles <.f these coininoditit's in a stuie. 
IMatiy oigaiii'm' may be u-cd a' niatinial for a statistical problem. If other material 
i' not leadily awiilable, the mea'iiremcnts of the height and weight of the men 
still lents or oi the w omen 'tildent' in a school yield excellent liiometiical data. 

Mcasiiiciuciits shniilii be made ol abmit 200 individu.al items. ( are should be 
taken tliat the mcasuiemeiits a;p made on a f.iiilv chosCn. landoiu sample, Xo 
system or selection should r>c piacriced in t.iking the lucasiireiiicnts. The individuals 
to tic mcasiucil should be idioseu piirelv at random. If coirehition studies are to be 
made, care should be exercised that scjme possilae correlation ma\' exist in the 
matenal chosen 

.'sc\e:a; snidents may sdeet ditteient kinds ot Uiatena! tor nieasin-ement anri 
statistic,;! aiia!\ si^. In this wav ccitaiii cornp.iiisons laav he made, 

1. .Attei selecting 'iiitatiie class mtervais. anangc tlie data fiom about 200 measiiie- 
meuts in a fic.jlliucy taidc 

2. Coiist! net a iiistogiam icpicscuting the data tioin tiie measui eincnts ot a sampie. 
Note the laiige ot the 'oiiiaTcs anU the nioiie ol the giaph. ('ali-ul.ttc tiie liiei lian 
;h ant on t ! i gi -ip:., 

i. o-i.e V I:;,;,' ',e ro'm.l m rh‘‘ s^andcird t re.a^rnf nis ef ss^j^etie.r; anah'se t.y 
-i.i'h eul. Ill's Lli'. ' nport. r isaer. Love. P.itiison ic-.;.rs.>a_ .sneii* eui ( loulden. .tnd 
otic fs. 
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3. From tlie data of the measurements, calculate the mean, the standard deviation, 
the coefficient of variation, and the standard error of the sample measured. 

4. Obtain measurements of two characteristics of the same kind of organism such as 
the \'ield of grain and the height of corn plants or the height and weight of men. 
Arrange the data from these measurements in the form of a scatter diagi-am or 
correlation table. (Consult texts on statistical procedure.) 

5. From the data in the correlation table made for the problem above, calculate the 
coefficient of correlation for the samjdes studied. 

6. After calculating the mean and the standard deviation of the mean ol a sample 
based on about 200 measurements, select a much smaller sample of the same 
material and calculate the mean and standard deviation based on about 1.5 or 
20 measurements. Note the differences in the two constants based on the large 
and small samples. 

7. Compare the coefficient of variability for all of the different kinds of mateiial 
subjected to .statistical analysis. According to this constant, are there diti'erences 
in the variability of the different characters studied? 

S. The range of a histogram or polygon, the standard deviation of the mean, ;ind 
the coefficient of variation are all indicative of the amount of variation in the 
sample statistically analyzed. Compare the ranges, standard deviations ('f the 
mean, and the coefficients of variation of two or more samples. What conclusion- 
may be drawn as to the variabdity of the population from which the -amjdes 
were taken? 
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Population Genetics* 


The genetic composition of a population is obviously the summation of 
its component parts. The laws ot Mendelian inheritance which are operative 
for individual crosses or matings are e([ually applicable to whole populations. 
Population genetics in the .stniJy of the genetic composition of whole populations. 
It is a particularly important tool in the .study of human genetics. 

Human genetic investigations may he cla.ssified under two major cate- 
gories. \\ith respect to individual marriages, there is always an interest in 
])redicting what the children will be like. Prospective parents are under- 
standahly concerned about whether the children they might have will be 
normal or defective. The dramatic undertone.s of this question are ac- 
centuated when the pedigree ot either or both parents includes cases of 
abnormalitip- 'Phe po.s-;il>ilitie> for individual cases may he given with 
rea-onahle a-'urauce il 'Uf{i(iem information on the two parents and their 
relative-; i-- a\'ai!able ()i broader int('re--t will he (predictions concerning the 
tuture gennry|)ic and [rhenotyjiic make-ii]) of the (:)npulatiou. The economic 
and '(icial a.-iiect-- ()t hereditary dei'pets ha\'e gi^-pn impetus to eugenic 
studies und s u ijijt stf d pruiini rn.'! \\ hat etu-ct will \ ariou> ()(>siti\‘e or negative 
eugenic raea'iire- ha\e on mi|)ri)\'ing nr impairing the racial ((ualities of 
fuTuri- generatinii''’ 

The problem may be .-tiidied rheorerically if the lolluwiiig are known: 

1. 1 he g'eiiefic nature ot the character' uiuler '■on'ideratiou 

- ( leue treijiiencie' in the [ire.-ent potiulatioii 

.'f The Ty(ie of mating' taking (ilace 

4. 1 he extent and nature of tacror- afrecnni!. rhe- gene fre((ueneie.s. 

The Hardy-Weinberg Law 

In I'.HJS Wiihehn Weinberg, a .'^tuttgarr (ihv'ieian and (1. H. Hardy, 
an I.ngii'h rna rlienia t naan . iia.k-peiidenTly di'eo'.ered aiiri (tnbli'hed the 

■ H;. It H Kor'iniinn. Prr,f,..-,,r of .XgroMoniy. Th. I’enii'ylvania State 

I’riivt r^ity 
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facts concerning one of the basic relations in the genetics of p(tpulations 
This relationship may be expressed in the statement; In the absence of dis- 
turbing influences, when two alleles, .4 and u. occur in the frequencies 
p and 5 (p + 5 = 1 ) in a very large random-mating population, the three 
types -4-4, -4a, and aa icill n ituiin in (qnilibriinn from generation to genera- 
tion with the frequencies p~, -pq. and q-. Tln.^ rtlatiou.-iJn p as Lnown a.s the 
Hardy -Weinberg Law. 

Implied and included in the statement above are the following re- 
strictions and assumptions ; 

1. Xo new variations (with couseciuent change in liene fretiuency i by 
mutation or migration 

2. Xo selection pressure, i.i.. no difference' in suiwit'al, mating, and 
reproduction potential of the \’arious genotypes 

3. Mating completely at random ( panmixia i, 'bhis restriction is most 
freciuently \-iolated in human poptdations Tall people tend to marry 
other tall people, and short people tend to marry other short people, 
etc. Marriages between peojile within geographic and ecijnomic com- 
munities occur nujre freiiuently than the concerse 

4. The population shall lie very large so as to minimize the ett'ect of 
random fltu'tuations, -\ largt' population may change by chance alone, 
but this may be ignored for ptactical purpo'C', 

The effects of some dtwiatioo' from the abo\-e re'trii-tioii' will be dis- 
cussed later. For the immediate tli'CU'.-ioti the condition' are assumed to 
be as specified, 

THE r'tEXEHAITZKI) .''ITE-VTlt >X 4'he tii-'t or initial gmieration 
is designated as Xu and successive generations by or as X,. X’_, - -- — X^ 

or an indefinite numbt'r of geiieratioiis. In the present or iiurial generation 
iX,c, the genes ,4 and a occur with frequencies p and -/, re'pei ti'cely, and 
1 - p = q. 

In the .succeeding genertitioti X' i , the irequcncy of types .1.1, .la, and 
nn may be determined by the cht'ckerboai'tl method 

_ iMirn* t* > 

f.A 

pA AA ;mj Aa 

5 - -- — 

'pi >; -Im -i' aa 


w'hich, siinimarized, gi\'es ph\ A .'2piiAn .quo . Ir n ,q)parcni that the fre- 
quencies of the three type' might llace been anr.ed at by /el — qii - 
= ;r-4.I — '2pqAa — qh.id. That is, the zygotic array i- the square of the 
gametic array. The frequencie.s of genes .4 ami a in generation X-, may be 
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derived as follows from the zygotic array: 

-4 = p- + - 2pq = p- 4- pq = p{p + q) 

since p + g = 1, the frcqueiicy of *4 = p 

a = ^ 2 ■ -pg + r = q- -r pq = q{p + q) = q 

Hence the frequencies of genes H and a in generation Xi have remained 
unchanged from those occurring in Xq. It is therefore clear that the zygotic 

and gametic frequencies in Xo, X3, X^ will remain constant. The 

population is in equilibrium for the character in question. 

For a population in equilibrium, it will be observed that 

=1^ = \'p- X q- = pq 


That is, the frequency of the hotorozygotes is twice the square root of the 
product of the two homozygote frequencies. 


Xumerical example. In X,.,. frequency of .4. p = 

frequency of o, g = 
P + Q = 

In Xi, we get: p-AA:'2pqAa:q-itu 

or : .b02o. 1.4 : .Ob.iO.lu : .002.')('/a. 


.9.5 

.05 


1 


It will be noted that .0950 = '2 \ .9025 X .0025. hence the population 
is in eriuilibrium \sirh rc'pcct to genes .1 and a. 

Th(' gametic frequency from Xi will be: 


-I a 


q- = .0025 
pq = .0475 

P'P ~ '! = p = .9500 g . ~ ij, ^ q = ,(),-)00 

.\.Tteiiriiiii i- called to the 'implitication of the identity pip + q> to p 
whicli i- ju'titied -nice p q = I, .<1111-0 the frefiueni-ie- of .1 and a in Xi 
are identical with tho-e in X... it i.-i apparent that the zvgotic array in X-j 
will be the -ame a- in Xi. 

.4 second approach to the problem ot determining the zvgotic arrav in 
X'j IS illustrated beiow: 

X; = p-AA:2pqAn:q-nn 

X; = The progeny of the three types above mated 
at random as shown below 


p- = .9025 
P’j — 917.5 
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Gexotype and Frequency of 
Frequency' op Each Offspring froh Each Mat- 


M.ating Ty'pe 

M-ating Type 

i-\G Type 


9 cr 

.1.1 

A a 

aa 

.1.1 X -1.1 

p- X p- = p' p* 



.1.1 X -lal 

An X -1-1 J 

2(p- X 2pq) = 4p\ 

■2p‘q 


Aa X -la 

2pq X 2pq = 4p=<F p-q- 

■2p-<r 

p-q- 

.1-1 X aa\ 
aa X -1-1 J 

'2(p- X q-) = ip-ip 

2pPr 


-la X aa1 
aa X -la / 

2(g= X 2p,y. = 

2pq‘ 

2pq^ 

aa X aa 

q- X q- = q' 


T 

Summarizing these frequencies gix'es: 



Frequency of -l.l = 

= p* + 2phq + p-fy' = p-i p- + 

2pq + q - 1 

= P-[(P + 9 




= P- 

Fretiueiicy of -la = 

2p»g + 2pdj- A- 2pAr A 2pq-' 

= 2pq{p- - 

r '^pq + q-) 



= 2pq[{p -f r/)2] == 2pq 

Frequency of aa — 

pp- -f 2pq'- T I/’ = q-(p- A 2 

pq + qh = 

q-[[p 4- q}-] 


= 5 - 


This somewhat longer procedure leads to the same conclusions, namely, 
that the zygotic and gametic freiiuencies in N i and IS’-., are identical. 

The relation between gene frequencit^ and zggotic frequencies, indicated hy 
the Hardy-Weinberg Law. is useful in investigations of the genetic character- 
istics of populations. The genetic nature of the characters in question must 
be known, and the frequency of one of the homozygous types of a specitied 
character must be determined. Then if panmixia (mating at random) and 
genetic equilibrium may be as.sumed. the frequency of the other (alternate) 
homozygotes and the heterozygotes can be determined. 

If. for example, for the freciuency of the recessive homozygote of a 
character determined by two alleles. A and a. has been determined, this is 
essentially ijh The value of q = and p = \ ~ q. With p and q com- 
puted, the calculation of the freiiuencies of .1-1. p'h and .la, 2pq. is routine. 

-Vs an example, it is reported that the frequency of albino deer in the 
W isconsin deer poptdation of S-iO.OOO i-^ about 'JO or 1 in 111,. 100 i Fig. l-ST i. 

The following assumptions will need to be made: 

1. irir and IFc = normal-colored deer 

i/.'H' = albino 

2. Panmixia 

3. Population in equilibrium. 

Let p = freiiuencv of IF in population 
q = frequency of tr in population 

q = ^ riTdOO = \ .tHXi0f^.l2(Fin7 

= .OOIS-IOTIS or approximately ^ - 210 ; 
p =[ - q = ,y9.'}1402.S7 
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The zygotic frequency would he <leterniin(‘(l a' tollows: 

TTIT + irtt' — ((■«■ 

p-(8.50.000: 2/Xi(S.i0,000 r/uS.iO.OOUi 

And in the Wisconsin deer population : 

841.774 = 99.032235'^ = 1111' = homozygous normal-colored 
8,206 = .965421 *^7 = ITu' = heterozygou.^ normal-colored 

20 = .002353 'T = u'f = homozygous alliiiio^ 

850,000 IlXKT TOTALS 

Relative frequency of IT allele = 1.691,754; p = .995149 

Relative frequency of ic allele = 8.246; 7 = .004851 

It is intere.stiiig to note that the relation hetween he! erozygotes, Aa, and 
recessive homozygote.s. rrn. will be; 

.4 It 2 pi/ 20 — n 

I HI q- 1 / 

Tlierefore. as the number ot iudixiduaL lia\ ing the recev-i\-e character 
aa becomes smaller, the hetero/ygotes, .In, become ) 7 roporTioiiatel\’ more 
common. The exitressiou approache.s -z as 7 approai.hc' :i.ru. In the e.xample 
of the Wiscon.siii deer poptilatiou, the heroruzygote' are -ome 400 nines 
more frequent than the rece.>sive hoinozygote- i8.26i( h- 20 (.>1 the 8,246 w 

genes present in the population, only 40 are prc'cnt in the homn/ygotes. 
Elimination of the 20 recc'sivc-albino homozygote^ from the breeding 
population would hat'e \-irtually no el'tect on the zygotic array in the .'ub- 
sequent generation. Since the frequency of type )i-ir X "'//■ rnating' is ly’, it 
can be shown that only 1 deer in 1 .80b. 259. 909 wouiil bi' an albino trom two 
albino parents. To expre.'S thi" in more ci.iniprelien'iblc teini'. if half of the 
859.900 Wi'coiisin deer population i-- female and if each deer produce' 1 
fawn annually, the siniplt' probability i' that only once in about 1,090 year.s 
Would an albino fawn rc'ult from the mating of two albino parent'. 

Similar ('\amples may be 'elected from human populatioi,'. Alcaptonuria 
Ipp. 405. 406'. a reeessi\-e condition inanife'icil by the jU'c'ence of alcapion 
in the urine, occurs iu about 1 in 1,999.999 pet-'oti'. Ap]iinatio!! of the 
Hardy- Weinberg formula reveal' that about I in 599 pei'on' u a heteio/y- 
gous carrier of the factor. The ]io"ible elVi'ciit ene" of 'ome 'Ugge'ted 
measures designed to eliminate or limit the incidence of unde'ir.tble geiielie 
traits in a population is .'hown ;Tab!e XXXH . in light of the ke t' pre- 
sented above, to be extremely limiteci 

ML LTIFLK .VLLKLKS. 'Lhe di'eU"ion thr,' lar lut' Oeen limited to a 
single pair oi allele'. I'nder landom mating the zvgotii freqiieney when 
alleles are multiple i,' the 'ame as when then- are only t wo, namely, the 
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Table XXX ir 

The Zygotic and Gametic Fbequencies for a Character with 
Complete Negative Selection Against the Recessive Homozy'gote 


Oeneration Zijgoiir Ratio 


Gametic Ratio 


A A 

Aa 

an 

A 

a 




<P> 

iq) 


No 

250 

500 

250 

667 

.3:33 

X. 

4444 

4444 

nil 

750 

.250 

AA 

5025 

:57.50 

0025 

800 

.200 

N . 

0400 

;i2oo 

0400 

8:i:i 

167 

Ab 

0'j:t!) 

27S2 

0279 

. 857 

143 

A, 

7:-!44 

24.52 

0204 

. 875 

125 

A, 


2I8.S 

01.50 

880 

111 

AA 

TOO:-! 

1074 

012:1 

900 

.100 

AA 

.SlOO 

isoo 

0100 

909 

091 

A. 

iS2b;i 

1054 

00.S:1 

917 

083 

A-.o 

s4n‘.t 

1.522 

0000 

92:1 

077 

A 

>)i 1 1 


0021 

' 957 

043 

A M 

u:tSo 

OtiOt 

0010 

970 

030 

AA, 

'.)5:;o 

0404 

0000 

977 

023 

A-, 

!iti20 

UH 7 1 > 

0004 

981 

019 

A,„ 

ttSOo 

0104 

0001 

990 

010 

AA. , 

!i0Sf) 

0010!>0 

000001 

999 

001 

A,,. 


oooiooo.s 

00000001 

9999 

0001 

A, 

!• ' 

2/1. _.!/ 

'{■ 

/) + nq 

1 A nq 

'1 

1 + nq 


zyjjotic array is the '(juarc ol tlic {icnu'tic array. For three alleles. .1, -Ih 
an<l <! witli irei lueiirie-- j). r. and </, respect i\-ply, and with p ^ r q — !• 
the lollowiiiy /.ysiotic array from (pA + /'A* + qa)- would be: 

p-.l.l *T- /--.IcP -e q'liu -f "iprA.l* X- '2pqAa + 2rqA^a. 

In onler To Iuitc e.'tabli'hed the fact that multiple alleles exist, it mii-st 
lia\e iieen {lo-— iide to identity more than two phenotypes. The four human 
iilood aroiips .V. B. AB. and O have iieen .'hown to be dependent on three 
allelc' .1. H. and () Wiener. l!143i. iThe e.xi'tence of .'ulioroups of A will l>e 
iuniored in thi' di'CU"ion The frequencies of allele' .1. R. and 0 may lie 
dc'ninated as p. r. and </. re'pectively. The lilood-group composition of a 
popularion may lie dlu'trared a' on pa<ie 

Ihc relative allele nvijnem-ie' may be eonipnted from the information 
a'. aiiaice on the ire. iiienrie^ Ilf the four Idood ^.ruiips It is assumed in this 
example that p — r — q = 1. 
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Blood Group 

Genotype 

Genotype Frequency 

Blood-group 

Frequency 

A 

A A 

P- 



.10 

■2pq 

1 

B 

BH 

r - 



BO 

2rq 

/ - -A- '2 ! q 

AB 

AB 

2pr 

2p, 

0 

OO 

T 

'r 


From the frequency of the (> group (/<)),(/ may f)e determined directly: 

q = -y^fO = v"?- 

By combining the frequencies of blood groups A and O. it will be possible 
to compute p. since 

fA + f() = p- + '2pq -i- q- = (p + ^- 

P + q = \'p- + -pq + q- = 

And finally, p = y/ p- + '2pq + q- — q 

With p and q determined, the simple subtraction 1 — (p + g) = r. 

Since p + /■ + g = L. it i.s also possible to compute p and r as follows: 

p == 1 — \' f B -r h > = 1 — \' r- -h '2rq + q\ 

and /• = 1 — \?--l 4-/0 = 1 — -y p- 4- 2pq 4- q- 

The frequencies of alleles .1. B. and <) vary for different populations. For 
purposes of illustration and simplicity of calculation, a hypothetical popula- 
tion with the following allele freriuencies may be assumed: 

pA = .2 
rB = .3 
qO = . o 

Substituting these values into the alegebraic identities for the blood-group 
frequencies would give the numerical frequencies shown below. 


Blood Grol'p 

-VLGEBR.ill 

FhY.qUEN( y 

AA'merical Ff 

A 

P' — 

'2pq 

24 

B 

r~ — 

'2r>i 


AB 


2p- 

12 

O 


•r 

2.') 

Total 

P — ■ 

— 7 ' 

1 on 


These data may now lie used to illustrate application of the tormulae for 
calculation of p. r. and g. 
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Thus; 



q = \',dd = = .. 5 , 

p = \ tM -t t'O — q = \ .24 -h . 2.5 - 

- .5 = .2 

and 

/■ = 1 — 1 p -r- 1 / = 1 — n2 -r .5,1 = 

.3 

( )r altenian'c 

e!y. 



/; = 1 — \ t 7> -h /(.) = 1 — \' .3i.t ^ 

= .2 

and 

/• = 1 - \ ,El fO = 1 - 'v '.24 ^ 

= .3 


I'hu' the cali'ula tilin'; have ,<>ivpii the values for p. r, and q originally speci- 
fied. Ill pa-siuii. It is of nuere't to note that lilood groups are rarely a con- 
aidcratiou in marriage The lestrictiuii of random mating or panmixia may, 
theretiire, he adequately -ati-'tied. Hence hlood groups are an excellent ex- 
ample for application of the principle' of the Hardy-Weiiiberg Law. 

Deviations from Panmixia 

It i' beyond the 'i-epe nt fhi' cliapter to delve exhaustively into the effect 
of de\-iation' iiotn ihi a"umptioin inherent to the Hardy-Weinberg Law. 
Dahiberg I'.Ms lia- given a |■•onl•l'e pr(.‘>entation of the situation with re- 
.'pect to the geiietn - oi liunuui popiilatiun'. Hi* list.' five pos.sible deviations. 

Ml T.Ml 1( t\,'' Muiaii'iii' ale generally credited us the factor that ha.s 
gi\'en ri'C to much oi the vanatmii imw prc'ent in popnilatioiis. From the 
long-range i mw tlie elici t ni muiarnui' raiiiinr he minimized. Ilowever, for 
tho'i* tew ehai'aciei' in which tic- mutation latc ha.' been estimated, it is 
appai'eni that mr.i at inii' are tnu rare to ha\'e an appreciable effect on near 
general n ii i' 

Sh.I.Lt I'l'iX ''elei-iiiiti may be partial or complete, negative or 
po'iri\'e III! cMiiuplc. a iiijiii III ic idiot' ne'.'ei reach matui'itv and never 
ha'c ihililii'i, lti:~ j,,, i \am[)!e oi i oniphae, iiegatix'e selection. 

.''imila!!\' iiihi'i lypc' <>'. di a-' ic.a-' might oi ca'ioiiallv reach maturity and 
lui’.c I hi.il!c;i hic ha c n wi-i llian *hc ncuin for the jii.ipulatn in. d'hh' would 
bejiarti:! . i.cc.iTi’ i 'iCcdio', i he beh cv-average birth rate ol the .'upposedly 
upper I'lti'ici t'la 'iKi'a oi oui own jiopuiatioii lui' gU'en caii.'e for concern 
in 'iiinc l■:!l■',|.^ It I.. — ciituicv a lypc oi 'clf-impcoed negati\'e .'election. 

Whiiic'.c'. "I c -cginccr lit the popu.attoii i' 'iilijccted to negative .'election. 

T hci I , ] ’ I t ti Cl ! , ! 1 iC I it llCt 'I gi 1 1C at I' 'ul licet t o po'it 1\'C 'clcct 11 ill. 

It a ih'm';.!’’ gc:,i licTcrmuiC' a ciiaractcr agaiii't which complete. 
iicgaT. c ~,.|c. -i.i'! immcdiaTc |■li;^-^,;;;|t i.m of file character from the 

pcpu.iG'i L 'cc i; rhi ic'ult iji mutation. If the 

I halve ■■ \ 'l.i -c c~~;--i- homo/ygnTc, complcrc. ncgatic'e 

ciicii . i ■ I,- -I . , iniii!' diatc ci;nii’!aT ion oi the l■llaracTcl■. 'ince the 

hctcro.'vai Cl ' jcic idi ,1 I '•■r'ai’.!’ tor the rc.-c'-ivc gene. The effective mating 
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population will be limited to the AA- and .4o-type zygotes. What then will 
be the effect of complete, negative selection against the aa-type zygotes on 
the gametic frequencies of .1 and a in future generations? 

Assumptions ; 


1. Complete selection against aa 

2. Xo selection against Aa 

3. Very large population 

4. Panmixia for AA and Ao. 


The gametic frequencies in Xbi may be designated as pA and qa with 
V + q = 1. 

The zygotic ratio in X"^,. will be 

p, _,-A A : 2/l,_p/, „iAa : q,.-i-na. 

Even though the recessive homozygutes do not reproduce, the freciuency of 
their appearance in future generations will be of interest. I’his may be com- 
puted from the frequency of the rece.ssive gene q in the parental generation 
n — 1. The number of homozygous-recessive individuals, i.c.. those mani- 
festing the character, will then be q -fh 

The gametic ratio in the ath generation. X'„. will be as follows : 


pA = 
qa = 


uq 


1 + nq 
_ 

1 -b nq 


Thus the fre(pieucy of a>i in X„ will be 


(aa = q, -u 


[1 -b I/) - Vgl- 


The effect of complete. iiegati\'e .'■election on the zygotic and gametic 
ratios in .sub.''e(iuent generatioTis i~ -^hown below. In thi.'- example a hypo- 
thetical ratio of .2.5A. I : ..50An ; .2.')a« is assumed at the lieginning. The aa 
inditddual'- do not aft’ect the aametic fre(iuencies of A and a 

If a character i> relatively common, ac in X,. above, .-^election is effective 
in reducing the fre([uency of the character. Ilowewr. as the frequency of the 
character decrease.', the eff’ectivenes' of 'ch'ction abo decreases. 4"he ex- 
planation for fliis relationshij) i.- based on the ratio of heterozygote.-^ to the 
recessive homozygotcs. Initially, the hiuerozygote' are twii'c as fre<iuent as 
the rece'>ive hornozvsote.'. I'en oeneration> later they are about 22 times 
a.' freijueiit . After 1 .1)40 aencratioii.-? the ratio ha' increu'Cil to 1 .0'.)!* to 1 

If gene .1 i' 'uhject to mutation. .1 — * a. it i' likely that at some point the 
treiiuencv of mutation will e<iual the rate of elimination of a and that the 
population will assume a .'tate of equilibrium. Xatural or enforced com- 
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plete. negative selection against aa Mill at that point serve only to maintain 
the status quo. 

Dahlberg (1948) cites two examples of the effect of selection in human 
populations, the one negative and the other positive. The first is celibacy as 
practiced in some religious orders in the Roman Catholic Church. This 
practice often im'olves persons of exceptionally high talent who leave no 
offspring and might therefore have an effect of eliminating talent from the 
population. Since talent is a rare character, the effect of this negative selec- 
tion might be expected to be slight. Comparison of Catholic and Protestant 
countries such as France and England reveals little difference in the fre- 
ciuencv of talented individuals. 

The -iecond example deals with polygamy commonly practiced in some 
region.s of the world. In practice only the wealthy can afford several wives. 
On the assumption that hereditary talent may possibly be measured by 
social jmsition asid wealth, the propagation of talented persons has been 
fa\’ored Dahlberg points out that it is debatable as to what characters, if 
any, actually are favored by polygamy. It is also debatable whether the 
practic(‘ has had any great effect. 

Formulae ha\-e been derived for computing the effect of partial, negative 
or p(.)siti\'e sch'ction. The results will fall somewhere between the limits 
established by computations for no selection and for complete selection, 
depending on the extent of the selection pre'sure. 

.\,SS< II’T.VTD'K M.\.TtXC. There i> a tendeiwy in human populations 
for people with a character in common to marry each other more fre([uently 
than would be expected by chance alone. This is a significant departure from 
the condition,' 'tipulated for application of the Hardy-Weinberg Law. This 
departure from random mating i,' termed a"Ortative mating. 

.\."ort alive mating results from varied causes, physical, psychical, 
or social in origin. Women, for example, rather generally select potential 
hu'haiids who are taller than thev. If the male has a fdioice, he seeks a wife 
shorter than hiniselt ffitli the ti'Ual e.xceptions this results in a sorting 
procf" whereby tall jicopK- marrv eai'h other and so on down the line. 
.Vlldiio' are relatu'cly infre(|uein in the Fnited States population. The re- 
jiorted iiiiinbei of marriage' of albinos to each other therefore constitutes a 
detinite departure ironi randomne", ffithout citing further specific exam- 
ple'. It mav be generalized that for any character regarded as aberrant bv 
the geinTal population, and conscipaeiitly subject to discrimination, it is 
likely that random mating will nor occur. By choice or necessity the "aber- 
rant " indr.idua!' will marry each other more frer[upiitlv than would be 
expected by chaiLie alone a pilausible ilevelopnuait since we have already 
inilicated r'naf •. arioii' lactoi's i irciimvent operation of chance. The teiidencv 
ol people \\ nil a charaoTer in common to marry i' termed positive assortative 
mating It might be emphasized that highly desirable characters are e((Ually 
as important a- undesirable characters in producing a'sortative mating. 
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Negative assortative mating may also occur. People with a character in 
common may tend not to intermarry. An example would be people with 
domineering personalities. Since continuous a.ssociation of two dominant 
personalities leads to frecpient clashes, it is a natural de\-elopinent that 
people with this characteristic generally marry people with le.ss domineering 
personalities. 

Selection and mutation alter the gene frequencies in a population. Theother 
deviations from panmixia do not change the gene frequencies but do change 
zygotic frequencies. A.ssortative mating is generally a matter of degree, i.e.. 
partial. Total assortative mating rarely occurs in human populations, but 
the theoretical effect on zygotic frecpiencies may be computed. The zygotic 
freciuencies in the nth generation may be determined by the following for- 
mulae. if the fretpiency of the rece.ssive gene in Nr, is q (formulae moditied 
from Dahlberg. lf)4Si: 


and. 


Prf = p- - 
■2p,q,. = 2pq - 


npq\ 

1 + nq 

->‘PT 
1 -4- nq 




(/(-•- 1 iq- 

1 -r nq 


As shown in Taltle XXXV. the initial effects of total positive assortative 
mating are large. The rate of change decreases until finally the population 
consists almost entirely of the two homozygous types. Theoretically, with an 
intiiiite population, the process would never lead to complete elimination of 
the heterozygotes. This point however is largely academic. 

The freciuencies of genes .4 and a have remained unchanged. In starting 
with p = q. the limit of the process will he achieved when the heterozygotes 
are actually or for all practical purposes eliminated. At this time the popula- 
tion will consist of the two homozygous types in equal fi-equencics. For 
values of q other than 0.5. the initial and final frequencic' of the two 
homozygotes will be uncciual. The reader might make the calculations for 
various generations when </ = 0.1. d'he zygotic frecjuencie' in N,, andNinij 
should he as shown below. 

.1-1 -1,( ,C! 

.\„ .SI IS 01 

soi.sis nin.itu oiusis 


Formulae have been derived for determining the effect of partial, po.sitive or 
negative assortatice mating. The relative extent of the as-oi-tative-mating 
procc'.' is an integral feature of such lormulae. 

INTF.R1\L\KRI A(.iE. In con.-idering the effect of intermarriage on a 
population. It should first be noted that a certain proportion of intermarriage 
i.s expected in panmixia .''t‘condly. the actual frequency of blood marriage' is 
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small for most populations. Intermarriage occurs when the frequency of 
blood marriages e.Kceeds that expected in panmixia. 

Table -YXA'T' 


The Zygotic Freqcexcies ix Successive 
FOR Ch-CR.vcter with Tot.vl Positive 
.M.vtixg {q = 0.0,1 

GE-VERATIOXS 
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Zyijotic Ratio 


GeiuKifum - 
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37.50 
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4000 

2000 

4000 

X; 

tic, 7 

1007 

4107 

X 

1230 

I42n 

,4280 

X. 

137.7 

. 12.50 

.437.5 

Xr 

4444 

.1111 

4444 

XX 

4. '>00 

1000 

4500 

XX 

. 454.‘) 

Oooo 

4.54.5 

XX. 

. 45,33 

OSO.t 

4.583 

XX>n 

477.4 

0154 

. 4773 

X 

4344 

0312 

4844 

XX. 

4^31 

023, s 

4331 

x; „ 

WO 1 

0102 

4004 

X 111. 

W.M 

000,3 

40.51 

X:„. 

.40;)0 

0020 

.4000 

XX,.,.-. 

4'i;i.')0l 

000003 

.400.501 

\" 

"PT 

infiq- 

1 /( W 1 iqi 

r 

P r ■ ■ 

- -P'l 



1 — fi'i i — mj 

1 T nq 

The iiiterinarriaae' 

of coiiseiiueiiee in huini 

an populations generally 

involve reluti<in.''hip-- no 

elo'Cr than I'oU'iii' .Vs ' 

ueh it may be considered 

inbrecdiicg of low iiiteu- 

■ify. Iiiteii: 

-ive inbreeding 

'Uch as selhiig or sibling 

mating' in plant' or animal' lead.' 

to a gradual eliminatii.in of the heteruzy- 

gotes, TliU' intermarriage has effects similar to a.''orTative mating. 

For a gene tliat is very rare, for example, one 

tliat lia.' arisen as a single 

rnutatiun. it i- apparent 

that intermarriage i' the 

onlc' mecliaiiisin that will 

allow the liomo/.ygou.s e, 

Duditiuu of 

the gene to arl 

i'C. .''uch an i'olated char- 

acter will be oi little coii'equencf 

■ in the populatiuii. (In the other hand. 

when a character i' common, the 

'inall amount of intermarriage oceurriiig 

in a population will have little .'ignihcance. 


I.'^l iL.Vl'F.S. ( leo^r 

aphic and 


xi'tiiig within populations 

I’oii.^tltute rhe fifth inajol departu 

re U’liiu raiid'im mating, ( leographic iso- 

late' mav re-iilt from ac 

tUal phc-'li 

•ai bai rier,' 'in li 

1 a- iiiouiUaiiis or bodies of 


water. More cumnucdy they r-eiUfT arnuiid crenera'iy rccoiiiiized cnramuni- 
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ties. It will be immediately recognized that most geographical isolates 
normally blend together without distinct lines of demarcation. .Social 
isolates are associated with economic strata, religious differences, and 
tradition. 

Developments in transportation, communication, education, and in- 
dustry have served to eliminate or weaken the geographic and social barriers 
that produce isolates. It is not nece.ssary for this discus.sion to elaborate 
further on types of isolates and changes that have affected them. The 
reader should be able to visualize numerous examples and their present 
state of stability. 

.In imporiant aspect 0/ isolates is that they essentially constitute a separatt 
mating population. The size of the isolate will determine the extent of in- 
breeding (cous'.n marriages). Thus in smalt isolates it is likely that a rare 
gene will appear in the homozygous state more frec[ucntly than in the general 
population as a direct conscfiuence of the higher frequency of intermarriage 
in the isolate. Since panmixia has not occurred in a small isolate, it would be 
erroneous to assume that the freiiuency of the recessive homozygote is 
e([uivaleiit to q- in the Hardy-Weinberg Law. Such an a.ssuraption would 
lead to too high a frequency of the heterozygotes and a value for q higher 
than actually exists. 

If a recessive gene producing a certain defect is present only in a single 
isolate, marriage beyond the isolate boundaries will ha\-e 110 harmful effect. 
Increasing the isolate size will lead to a decrea.^e in the homozygote fre- 
(luency and an increase in the heterozygote frequency. 

The formula l.telow ('modified from Dahlberg, 1948) show< the number 
of persons who will manifest the i-haracter if the gene has the froiuency q 
and the isolate is enlarged l)y a part. .r. of itself. 



The freriuencv of the i-haracter decreases in proportion to the expansion 
<4 the isolate. If. for ex.ample. the isolate is doubled, the number of persons 
■■■vith the character will be one-half the original number. 

.si'MyfAIvY. This chapTer has given a brief introdactinn to 'oine 01 the facets 
of population aenetic-. The itreseutatioii has fieen intentionally itieatly simplified. 
The si'enetic i-onstitution cif a specified population 1- otiviouslv dependent on all the 
factois mentioned, acting and interactirm simultaneously with fluctuating intensities. 
Though tlii' discussion has been limited to -ingle factor charai’tei's, the methods are 
applicalile to inultiiile factor inheritance, Imt the calculation- aie necessarily more 
complicated. The 'tudv of the genetics of a population necessitates application of 
miiuoruus stati-tmal tecluiiiiues. Determination of the freuiicncy of the recessive 
hornozygi.tp was ca'uallv mentioneii as a preliminary step in application of the 
Hanlv-Weiiibeic Law. C'onsi.lci atioii reveals that this involve' a carefullv evolveil 
and, executed sainpliiiii pioccduiv includitu; aiiowance loi gene pcnctiance. .'•inulariy, 
determining the extent 1 if the vai a m- lactoi - -uch a- 'e'ei tioii , mutation, a-sortative 
iiiating, iTiteiiuari lage, and -izc oi i-ol.tte- invclve- careiul and extensive le-e-trch. 
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Tl»“ 'tuily of population genetics C'- thu' n fim-inuting hut necessarily complex 
snlijict 'I'lic icailfi will iiinl .1 wealth of detailed iiiloi illation in the literature, but 
the field i-. w ide-open toi tnithei le'eaich. Population iieiietie.^ is siiigulaily important 
ioi ^riidMiig the pie'ent anil iiitiiie genetie compo.'ition of human populations. The 
"i gill til 'a nee and iinpoi tanee ol ..indi know ledge can liaidly be ovei emphasized. 
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Variations and Germinal Changes 


are cliarartenatic (if all hviiia .naaiii-ni'. Tlicv an- ot tun kimi' 
heritable ami nonheritable. Nonheritable variations nifn-l tin smnnlK h-^ni \ aid I'ct 
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b 'd/( .V. .■<( iiiK' afiM' .~pi intaiK'i ln^ly Hum iinkm '« n > aii'c- in natiiic, but la it all l.c ,t - 
able vanatiiiti' ale nt 'P' mtanci nm (it mikmiwn iiiii:iii. Many bcp.t di 'ic v.ti .itaiH' 
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1 variation in chromosome numbers, i ■ . .tabt .n • n,. •! heteroploidy; 
t'nira-r. .11' changes in the structure of individual chromosomes .":,>'t ■i.,(.' 


chromosomal aberrations; ami tin.ihy '■< ■'•iTa i, changes 
..ad.e.i point ..r gene mutations. M.it.v 
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chapter 17 


Heteroploidy or Variations in Chromosome 
Numbers in Plants and Animals 


Chromosome numbers are significant in a consideratiou of the relation- 
ships of organisms and especially as a physical basis for certain type.' of 
genetic variations. Plants and animals regularly have a definite number of 
chromosomes in the nuclei of the cells of each species (pp. b-ll . Races 
with dittering chromosome numbers, however, found in many specie' of 
plants and a few animals are known as chromosome races. Closely related 
species may differ in chromosome numbers and show indications of having 
been derived from each other or from a common source. 

TERMIXOLCCi Y. The total number of chromosomes in a nucleus is 
called the chromosome complement. The number of chromosomes charac- 
teristic of the nucleu.' of the gametes is referred to as the gametic set of 
chromosomes and collectively with the contained genes as the genome. 
After fertilizarion the chromosome comjilement of the zygotic imcleu' con- 
sists of two sets of chromosomes or genome' Coordinate with the term 
genotype, designating the gene constitmion of an orgaui'in, another term, 
karyotype, is used to indicate the chromosome romplrnu nt of an organi'in. 
The term comes from the Greek witrd knryoa meaning nut. kernel, or nu- 
cleus. Karyotype has reference to the namher of chromosomes, the morph oluuicol 
features, and all the structural changes within indicidual chromosomes of an 
organism. 

An important conception in the study of chromo.some numbeis i' that 
ot the basic numher of the species, genus, or gr(tiip. Usually the number 
regarded as basic is the lowest found in any race or specie.' of the gremp 
In this connection two terms, homoploidy and heteroploidy, are m common 
use. Homoploidy refers to the condition which may he reaankHl a' normal 
or ba.'ic. Ill homoploid organisms the gametic chromu'oine number' are 
designated U' lx for the monoploid or haploid and 2x for the diploid, 
.'c.)matic. or body numbers. Heteroploidy inilicati.-' all ilrciiitions. regardles' 
of magnitude, from the presumed normal or ba.-ic numher of chromosome' 
which may occur in the nuclei of either somatic or repiarductive rell'. Fletcro- 

;i2y 
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ploid organisms probably have been derived from organisms with the basic 
number of chromosomes. 

Terms based upon Greek roots also designate many of the deviations in 
chromosome numbers. The form -ploid which occurs in them comes from 
the Greek meaning -fold, in the old English .-en.se. and is combined with a 
variety of prefixes. Thus monoploid or haploid means onefold and diploid, 
twofold. Chromosome numbers of some organisms are exact multiples of 
The basic monoploid or lx number. These numbers may be triploid or 
threefold: tetraploid. fourlijld; pentaphjid. fivefold: and so on to polyploid 


Tahlt XXXVI 

Key to Term-. Ln'dicatim; CiiRO-\ioso.ME Co.mple.me.vts 


K.xactly tlic ba.^ic cliroinosoiue luiinbers 
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or manyfold. They may also be designated as 3x, 4x. ox, etc. Another term, 
euploidy, meaning true doubling or perhaps more exactly true multiples, 
designates this condition. Polyploidy is used as a general term to include all 
types of euploidy or true multiple numbers. The condition of polyploidy or 
euploidy is a special kind of heteroploidy. 

The designations IX and 2X used generally for the gametophytic and 
■sporophytic chromosome numbers (pp. 28. 36 1 do not always indicate 
the true basic haploid and diploid conditions. In polyploid organism.s in 
which the chromosome number is a multiple of the basic lx, while the terms 
1X'-2X represent gametophytic and sporophytic chromosome numbers, 
they do not represent the true haploid and diploid conditions, which are 
lx-2x. The true chromosome formulae may then he represented by 2x-4x. 
3x-6x. 4x-8x, or otherwise as the case may be, hut the terms IX and 2.V 
may still be used for polyploids to indicate the general number of chromo- 
somes following meiosis and fertilization, respecticely. 'Fable XXX\'l 
presents a summary of terminology for many of the chromosome formulae 
resulting from heteroploidy. 


Polyploidy in Plants 

Although rare in animals, heteroploidy occurs fre<iuently in plants. 
Polyploidy, either natural or experimentally induced, has been found in 
mosses, liverworts, ferns, and in many kinds of Howering plants. Freiiuently 
a series of chromosome numbers has been found within a group, species, or 
genus of plants. This series may consist of normal homo]tlnid plants with 
the basic haploid or monoploid, lx. number of chromosomes in the gametic 
phase and the diploid, 2x. iiuinbcr in the sporophytic phase. In achlition 
there may be sporophytic plants which are themselves monoploid or haploid, 
that is, with the basic lx number of chroim.isoines in the nuclei of their cells. 
A polyploid series may thus begin with the haploitl or momtjiloicl. lx. and 
continue with possible gap' tlirouuh the 2x. 3x. 4x. .lx, 6x. and \arious 
other multiples of the basic lx chmmo'ome.^ iTabh's XXX^ I, XXX\ II. 

Tahl, XXW fl 

Chro\(os(>\if Ni mber- [X \\'nE\T 

7 / 'Of 'O// rt'o/i in'iii'f >1 fh , wht'Tf \ = I and gX = 14. is 
tx — 2x a iliiiii>i4 -pci ~ 

TrtiU'nn d'lrfitii wlinic X = i 1 and 2X = 2s i-, 

2\ — 4x a T^Trapioid "ptxar^, 

'intu-iui. i.ilufvi where X = 21 and 2-\’ = 42 i- 
3x — tlx, a lleX.ipioid speeip-; 

and XXX\'IIIi. In many naturally occurring pulyploid 'crie', a' well as in 
those experimentallv induced, it has been po.'.^ihle to "idl in 'ome of the 
inteiA'cning gaps. For example, hybridization between a TeTraitloni. 4x, and 
a hexajtloid, 6x. may yield a pentaphud. ox. 



So\ii. ri.ciii) I’l.wis u ri H 'riii'iii ( 'iiitdMoMiMi: \ii\ini:iis 
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Haploid plants called haplonts, that is, sporophytic plants with the 
true haploid, monoploid, or basic lx number of chromosomes, ha\ e been 
found in a number of species of flowering plants, including the evening 
primrose, Oenothera; tobacco, Xicotiana; tomato, Lycopersicon: stock. 
Matthiola; and Crepis. They have been found in cultivated rice, in maize, 
in the Japanese morning-glory, and in wheat hybrids. Darlington ha' 
published a li.st of more than forty haploid plant.s among species of angio- 
sperms. In addition more than 100 haploids have been reported in the 
Jimson weed, Datura. 

A well-known example of a polyploid scries occurs in wheat in which one 
of the species, Triticum monococcum. is the true homoploid. It has the basic 
chromosome number in the true haploid of 7 and the diploid 11: Triticiun 
durtan. a tetraploid, has 14-28: while the common cultivated wheat, Tri- 
ticum vulgare, with 21-42 chromosomes is a hexaploid.* 

Polyploidy appears to be of rather general occurrence among the flower- 
ing plants. In fact, some investigators estimate that fully half of all species of 
flowering plants is polyploid. Situations similar to those in species of wheat 
have been found in numerous other groups of plants. 4'able XXXITII 
gives a list of polyploids in several genera of flowering plants. 

Besides wheat, among crop plants, Stebhins mention' as polyploids 
alfalfa, banana, coffee, peanut, potato, sweet potato. out<. sugar cane, and a 
number of the fruits as certain varieties of ajtples and pears. With thc'C 
facts in mind, plant breeders are attempting to improve cultivated plants by 
synthesizing polyploid varieties. 

Kinds of Polyiu.oids 

Two clas.ses of polyploids are recognized, autopolyploids and allopoly- 
ploids. These terms are indicative of the origin of the polyploid' and reter 
to the nature and kinds of <'hroinosomes entering into the chroniosernt 
complement of the polyploid. The pretix auto- in the term inifopoli/ploiii 
comes from the (Jreek word uato.s meaning within 'clf (ir from 'clf. Thu' 
the term autopoly ploid refers to polyploid organism' which Drigiiiated within 
a single species. Since chromosome race> have det elopeil within the specie', 
the condition may be called intraspecitic polyploidy. Usually chromsome 
races are autopolyploids, and in many ease' they form a typical multiple 
chrcjiiiosomc series. In addition to the scores ol cases found in iiatiinn 
autopolvpoids have been artificially induceil in experimental culture'. 


Bu-ritiu'v thosb mentioned abovu, tho chmiun-somo niuid>»‘r'- in -''vt-ral othur -pocu '- or 
\Nht.‘at au* known, T/ihiuttt atn'lopoiii* ^ uinl I . thno-Kht' -tn* aKti litimuplcid- in Ahn-i 
1 N == 7 and 2X = 14, Tho^e an* m tin' »‘iiik<>in iin*up nf whtMT-. Tlu- • lunit '' 

irroup. uiiere IX = 14 and 2X = 2-S. uoiitam.'' "uvural ‘H w h-uit bf-id' " T.’ii <-■. 
AriioiiSi tt‘trapl<iid .•'[BM'ies. are 7. 'iiTuti .■/, T. :■ <./'/.'• /’ /i./,/ - ,tn-i jtb'U'- 

I b'' \ 1 uLiai f i£i i>up ot ■'ptM-i.-*- 1 1 » A Inch tin* ad a h»* ‘ . K , i ,!cr*-r i / , . ■ 

h\ Ttc- h'-\ap[iiid nnmbcr nl (■hroino'<onic>. \ — 21 and 2\ “ 12 
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111 autopolyploids the chromosome complements are regarded as duplica- 
tions of the set in the original gametic number, because the members of 
each type of chromosome, regardless of number, are homologous. Homology 
is revealed in the formation of multivalent rather than merely bivalent 
associations in meiotic configurations. Although this typical cytological 
picture is not always found in autopolyploid.-^. high percentages of trivalent 
chromosomes usually characterize triploids, and high percentages of quad- 
rivalents are expected in autotetraploids. In higher autopolyploids chromo- 
somes may be associated as hexivaleiits or other multivaleiits, even though 
part of the chromosomes may act as bivalents in meiosis. 

The prefix alio- in the term allopoli/ploid comes from the Greek word alios 
meaning other. Thus allopolyploid refers to polyploids which have originated 
from combination^ of different species. Usualh' allopolyploids have been 
derived from hybrids between two species. An allopolyploid plant may 
originate by a doubling of chromosomes in an Fi species hybrid, by the 
fertilization of unreduced gametes of hybrid plants, or otherwise (pp. 33b, 
337 1 . As contrasted with autopolyploids. which are developed within a 
species and constitute conditions of intraspecific polyploidy, allopolyploidy 
may be regarded as interspecific. In allopolyploids, the chromosome com- 
plements consist of diffenmt .sets of chromu.somes. Actually in most cases 
of allopolyploids, two complete diploid complements are combined in the 
polyploid which is then a tctraploid. Another term, amphidiploid, is used to 
designate allopolyploids of this type. Since allopolyploids are made up 
from the chromosi.iiue complement' of two diploid species, they are really 
doubli' diploids, which is exactly what the term innphidiploi'l means. 

Allopolyploids or amphidiploids may originate from species having the 
same or different chromo.'oine number.', lii either cu'C, the two specie' i-om- 
plement' of chromo'omcs in allopolyploids are mostly not homologou'. The 
chromosome' in the l•omplement fr(.)m one 'pecies occur in pairs of homo- 
logiK'' or 'vnaptic rnaTc', and tho'C frcun the second species complement 
likewi'c occur in 'vnaptii- pair' 'I’lie chromosome' in allopolyploids conse- 
iiueiitly w ill ii'iially pair a- bi\aleut' during meio'is and form relatively few 
trivalent' and (luadricalent'. The number of ([uadrivalent' i' indicative of 
the relatioii'hip of the two -[jccie' from which the allopolyploid has been 
derived In cytological investigation increasing eniplui'i' is being placed on 
ditfcrence' i.if chrorno'omc behavior in autopolyploiil' and allopolyploids 
( )ne ut the problem' of [lolypluidy is to determine how different the chromo- 
somes need to be to jti'tity the designation of an organism U' an allo- 
polyploid lather than an autopolyploid. 

.Vlt hough aiitopolyitloids and allopolyphiids difter considerably as to 
the nature and kind' of chrcimo-omes entering into their chromosome com- 
plement'. thc'e dinereiicc' may be hard to identity, and it is difficult to 
draw an a'rooluTe iuie bettveen them Xaturai 'pecic' or genera sufficiently 
related to hvbridi/e niav h.ave matiy chromo-onics and genes which .are 
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similar. On a basis of chromosome homology, many allopolyploids are auto- 
polyploid to a degree and in proportion to the number of homologous 
chromosomes and genes which they have in common. iMlintzing concludes 
that all allopolyploid species are partially autopolyploid and that the different 
chromosome sets or genomes in an allopolyploid are probably never com- 
pletely distinct. Thus it is now generally accepted that there may be inter- 
mediate forms of polyploidy not strictly in cither of the clas.ses autopolyploid 
or allopolyploid. Autopolyploids, becau.se of the exact doubling of the 
chromosomes, may, however, be absolutely auto poly plaid, at least at the time 
of their origin. 

Another problem for the .student of polyploidy is to determine the pos- 
sible origin in nature of polyploid races and species. The solution of this 
problem is approached from many angle.-- among which are: 1 1 1 the experi- 
mental induction of both autopolyploids and allopolyploids. (2) a study 
of the meiotic behavior of the chromosomes with special reference to the relative 
frequency of bivalent and multivalent associations indicating homology of 
chromosomes, and (3) a.s will be mentioned later, the rdatire fertility of the 
polyploid forms. 

Aneuploidy in Plants 

In contrast with polyploidy, another type of de\'iation has been found 
which is known a.s aneuploidy or not true ploidy. in contrast with euploidy 
or true ploidy. In aneuploidy the chroino.some number is si.ime other than 
an exact multiple of thi' basic number. The deviation mav consist of the 
loss or addition of a single chromosome or of several chromosomes in com- 
parison with the normal 2X complement. Becau.se their chromosome com- 
plements con.sist of even multiples of the ba.'ii- chromosome 'Ct. the mein- 
liers of true polyploid series have been designated as balanced chromosome 
forms. Aneuploid plants may be regarded as unbalanced chromosome forms. 
The presence of a few additional members or the hu'k of one or more homo- 
logues for one or more pairs has the effect of thsturbing the long-established 
balance in the chromosome complement. In most cases this unbalance leads 
to observable phenotypic changes ipp. 300 300;. The genera Cnn.r. Datura. 
and Oenothera which have been intensively studied show widespread 
aneuploidy. If researches in Canx and certain forage arasscs should be 
contirmed by further studies in other plants, amuiploidy may eventually 
be regarded as very prevalent. 

There are also cases with fewer than the normal number of chromosomes. 
The term monosomic is used to indicate that one chromosome i- lacking or 
that only one member of a certain pair of chruiinisome' i- present in the 
sporophytic plant. Further, the term nullisomic imlicates that The organi-m 
lacks both members of one pair of homoloEtou- chroino-ome'. .\lrhough 
occasionally reported, the l•onllltlon of nulhsomy is rather rare. t)ei/aU'e it is 
po-'ible only in polyploid plant' in which each type of chromosome isrepre- 
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-iented by more than tivo homologous members. Apparently the loss of both 
members of a pair of homologous chromosomes would be fatal in a diploid 
plant. But in polyploids, where there are more than two homologous mem- 
bers of each chromosome type, if two are lost, the other members remain: 
and in some cases the nullisomic plant is viable, as, for example, nullisomic 
lu'xaploid wheat plants reported by Sears. The term heterosomij may be used 
to indicate the condition either of extra chromosomes in a complement or of 
chromosomes lacking in a normal complement. 

Origins of Heteroploidy 

Se\-eral possible methods of the origin of polyploidy have been recog- 
nized. ( )ne is the doubling of the chromo.somes during early stages in the 
dcN'clopment of an embryo leading to the production of an entire polyploid 
plant. Doubling of the chromosomes in a single cell, or a few cells, located in a 
prirnordium of a bud or other meristematic tissue might give rise to a 
polyploid-plant part or to a polyploid ti.ssue. Polyploid branches on. or 
tissues in, otherwise diploid plants are assumed to have originated in this 
way .V second mt'thod is the occasional origin of a polyploid embryo by 
the fusion of gametes one or both of which for some reason may be unre- 
iluced in chromosome number. Under these circumstances there may be the 
following Two pos,-.ibilitie> in fertilization: tl) 2x gamete -|- lx gamete = 3x 
or a triploid zygote and i2' 2x gamete -|- 2x gamete = 4x or a tetraploid 
zygot(‘. It doubling of the number <.if chromosomes in the 2x sporocytes 
'hould occur before the ineiotie divisions, they would contain the 4x num- 
ber of chromosome', and the meiotie divisions would result in 2.x gametes. 
The possibility that two -perms may sometimes unite with a siiigh' t^gg cell 
has been -uggested as a third pos-ible mode of origin. The heteroploid would 
then contain the 3x number of ehroino-omes and would he a triploid. 

( tiiK.iN- OF Hxpi.oid Plants 

•■^ome of the haploid or lx plant- whieh have been studied are suppo.sed 
to ha\ e arisen jiarthi nniji-mtii-nll./. that i.-. without lertilization. from other- 
wi-e normal lx egg cell-. Xormal fertilization of eggs in adjacent ovules 
ma>' -omcnine- -runiilate an untertilized egg to undergo partheuogeiietic 
develupinent with a haploid .-purophytie plant resulting. Haploid plants 
may arise in rare in-taiiees when both of the male nuclei join with the fusing 
polar nuclei endo-penu in the embryo -ae: the unlertihzed egg ceil, 
-rimulatcd to parfhenogeuetic development, would then produce a haploid 
plant. I tvcnle-, -eloped endosperm ti--iie. whieh presumably would be 4X 
m-tead of the normal 3X, might indicate the origin of the haploid seedling. 
.\ napciid "wlif at piaiit wa- thought to h,ive originated in thi- manlier. 

flu- dc\-elop!Pe;,t of -ei-oiidary embryo- trom -ome oi the vanou- haploid 
cell- oi the emiiryo su'- -uch a- -,vnergii,l~ or polar nuclei has been thought of 
as a po-sibh' origin oi haploid plants. This condition of secondarv embrvos. 
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called polyembryony. sometimes accompanies otherwise normal fertilization. 
Rather commonly in grass plants, including the cereals, a single seed may 
produce two seedling plants. It is well known that such twin embryos fre- 
queiith' have different chromosome numbers, as one with N = 3H and the 
other -with 2N = 72 in Kentucky bluegrass, Poa prattnsis. Twin seedlings 
have been studied in other plants besides the gra'^ses. ^apluid^ have arisen 
as twin seedlings in cotton, flax, and the .Jim.son weed, fooper reported the 
occurrence of twin embryos, one diploid and one haploid, in about 1 per 
cent of the ovules of seven species of lily. He concluded that the diploid 
embryo developed from the fertilized egg and the haploid embryo from a 
synergid which had been stimulated to growth. Comparati\ e volumes of the 
diploid and haploid embryos were as 2 to 1. Twin embryos, one triploid and 
the other haploid, were also found following a cross of Xicotianu ylutinosa 
X Xicutiana tabacum. The haploid embryo in this case was thought to have 
developed from a synergid and the triploid from the zygote' formed from 
gametes of the two parent species which differed in chrumo.some numbers. 

Artifici.il IxDucTiox oF Heteuupi.oidv 

Artificial induction of heteroploidy olfei> a techiiiiiue for the plant 
breeder that may provide new material' basic to further selection and 
hybridization in crop improvement. Several method.' of inducing changes in 
chromosome numbers in plants are; ili " dei-apitatiou " of young plants to 
induce the formation of callus tis'ue. (2i the ux' of extreme- in temperature. 
(3' the use of chemicals on plant tissues, (4 ■ radiation, and i o hybridization. 

DECAPITATION AND C.\LLr.-4 TISSl'E. In ihi- Technipue the top 
of the plant is cut off near the ground surface, and the -tern and roots are 
left to grow. The surface of the cut stem l.iccomes c(.ivered with callu- ti.—ue 
in which abnormal mitotic divi-ions occur. In tomato and related -pecie' as 
much as (i per cent of jtolyploidy ha.- been icnind in branche- dewdoping 
from buds growing from the callu.- ti— ue. 

TEMPERATURE EFFECTS. Hlakeslee ob-f-r\ed that naturally 
occurring heteroploidy in Datura fiequently fulh.iwed abnormallv cool 
temperatures in summer. M'hcn he subjected plant- to lowt-ivd temperature-, 
he obtained some polyploid plant,-, perhap- bci-au-e the '-old disturbed 
meiotic diedsions and led to unreduced 'iamett'-. Fertili/.atioii of the tinrt'- 
duced or 2x gametes produced polyploid etnbi'vo- liandolpti u-ed heat 
treatment on previously pcjllinated ear.- of corn by applyiiie, elect! ii- heating 
pads to young growing ear- of corn plant-. Thi- treatment interiei'ed with 
the mitotic divisions in the developing embryos :tnd re-ulted m ■' somatic 
doubling" and tetraploidy, 

EFFECTS ( )F (.'HEMIC. VI. S .\mong numeroti- chemical- -uch :i.- 
growth sub-tance.s or auxins, acenaptheue. nudophcdliii, tiiid -uiianihunide. 
probably most effective in the experimeiitai iucrea-c oi chronio-onie iuimbei'- 
has been colchicine applied in dilute aqueous solution.-, or in lanolin, to 
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growing meristematic tissues of germinating seeds, root tips, or buds. 
Colchicine, a poisonous alkaloid, is prepared from the seeds and under- 
ground parts of the autumn crocus. Colchicurn autumnale (Fig. 138). After 

Lits in 1934 reported the successful 



use of colchicine to induce hetero- 
ploidy in cells and tissues, other 
workers perfected techniques of ap- 
plication. In 1937 Blakeslee and 
Av'ery reported the induction of poly- 
ploidy in Datura and several other 
species of plants. Colchicine inter- 
feres with the formation and normal 
action of the division spindle in mito- 
sis and delays division in the centro- 
meres of the chromosomes (Fig. 139). 
The net re.sult is that the division 
of the chromosomes into chromatids 
is not followed by nuclear division 
and the cells then have polyploid 
nuclei. 

Plants treated with colchicine are 
not immediately increased in size, 
nor do they usually have other con- 
spicuous and desirable qualities. 
Rather the treatment results in the 
fre((uent production of stunted, 
dwarfed, and greatly deformed plants. 
Sometimes such plants may ulti- 
mately produce a branch having 
dc-iirahle polyploid characteristics. 

EFFECTS OF RADIATION ON 
HETEROPLOIDA'. Both radium 


Fig. 13S. Culchicum .ccrCM.v.cLE. 
Drawinu: of the meadow sattroii trom 
an ISth century engraving sliouing 
roots, bulb, and tlov.ei.s of the plant. 
This plant IS the .soiin-c of the alkaloid, 
colrhiciiie. 'Courtc.sy, .lohii Wyeth and 
Brother. Inc.. Iduladelphia. Penna.) 

of radiation but as a .secondary result 
some condition in the* irradiated parent 


and the X ray have been effective 
in the production of polyploidy in 
the progenies of treated plants. Radi- 
ation appears tointerfere with pairing 
and disjunction of the chromosomes 
during meiosis. Thti.s heteroploidy 
is produced not as a primary effect 
of the generally unbalanced chromo- 

plants 


HYHKIDIZAITt )N AND HETER(_>PL<JlDA . It ha.s been mentioned 


that hybridi.^ation enter.' into the production of allopolyploids or amphi- 
dipluid.' p. 334 , Frequently heteroploids have been observed in the 
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progenies of hybrids under experimental control. Ramanujam hybridized 
two species of rice, Oryza saliva X Oryza officinalis. When the Fi species 
hybrid was backcrossed to 0. saliva, it yielded some triploid plants each with 
two sets of 0. saliva chromosomes and one set of 0. officinalis chromosomes. 
The triploids were supposedly the product of 2x female gametes, with 
single sets of both 0. saliva and 0. officinalis chromosomes, fertilized by a 
male gamete from 0. saliva. Numerous cases have been observed in which 
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EFFECT 


COMPLETE 

COLCHICINE 

EFFECT 







Fig. 1.39. Diagram of the Effei ts of C(.)Lchi( Ixe on Nrri.F..\R DnusioN. 

Normal nuclear spindle loiiii.s ilurinu prupliase. cliroiiiosnines appear on the 
ecjuatur of spindle at metaphase, and chromatids separate during anaphase with 
formation of two new nuclei during telophase, .\lthough the chromosomes undergo 
normal longitudinal splitting following colchicine treatnient, the alkaloid tends to 
inhibit formation of the nuclear spindle, jirodiiction of the two nuclei, and develop- 
ment of the cell wall. As a result of colchicine tieatmeiit. chromosome- divide but 
the nucleus does not. The number of chromo-omes m a cell is then doiitiled. 'Courtesy 
Cormaii. from Butun. <lnz. 104, 1942.) 


heteroploidy has foUinved hybridization. Clo-e approximation.- of natural 
species have even been artificially -ynthe-ized by hybridization techniijue-. 
Thus hybridization may he a method for the induction of heteroploidy. 

USING HAPLOIDS AND POLYPLOIDS TO OBTAIN ADDI- 
TIONAL HETER()PLOlD FORAIS, Once some members of a -erie- ot 
polyploid plants are available, it i.s po-.-ible to obtain other members hy 
various techniques. Triploids may be derived by cro— ing diploid and tetra- 
ploid plants. Since triploid.- i,3xi and pentaploids ' .'tx . have unet eii chromo- 
-ome numbers, they frequently give ri-e to aneuplciid progeuie-. that i-. 
plants with irregular chromo-ome numbers, -uch as the well-known "-omie" 
plants. I.ind-ti’om obtained a haploid Tomato pilant. U-itig the decapitation 
technique, lie diA'eloped eompletely homo/ygoii- diploid- by doubiing the 
haploid ehrotno-oine- to the 2x number Foliowuig the -ante method, he 
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de^■eloped eompletply homozygous tetraploids by doubling the diploid 
^•hromosome^. Their complete homozj’goibity makes diploid and polyploid 
plants developed in this rvay very useful in genetical studies. 


Viability of Hybrid Embryos 


It has been known for some time that plants with differing chromosome numbers 
are to a consideiatilc extent iiiconipatible. Crossing such plants often results in very 
few nr no ^■iable <eed. Among investigators in this subject. Cooper and Brink have 
.'Ungesfed that the failure to jirodiice viable seeds in such crosses is the result of a 
disturbance of the endosperm-embryo relationship. The distui bailee may be associ- 
ated with the lailical change in the relation of cliroinosonie numbers in the endo- 
sperm and embryo, .'^oine veal's ago Mtintzing advanced the theory that incom- 
patibility between plants with differing chromosome numbers wa.s one of the reasons 
foi the extensive survival of polyploids aftei their origin. After a polyploid has 
originated in nature by any of the known methods, incompatibility, due to differing 
chromosome number, prevents its .submergence through backcrossing with the 
parental forms. 



Muntzing discusses the several theories which have been 
proDo-ed to account for the frequent occiirrence of poly- 
ploidy 111 plant' ami its relative infrequency among animals, 
lie mmitions as important the effects of "double fertiliza- 
tion." common in plants, in the production of a favorable 
endospei m-embryo relationship. He says that disturbances 
oi tlic I'clatiouship cause the death of the embryo. Reference 
IS made to the (Uchiils in which double fertilization is fre- 
fiuenrly 'Uiipi'e-sed and endosperm formation is meager. 
He think' that polyploidy occurs only rarely in orchids 
and suggest' that tlieie may be a causal relationship be- 
tween these factoi'. 

(.’oopei and Brink point out that, even in erosse.s be- 
tween 'peeic' difteiiug widely in chromosome numbers, the 
zv'gote may -tart to function and the hybrid embryo is 
viable, actually growing at approximately a normal rate 
duiing it' oarh 'tagO', even though tlie endosperm fails 
to dot ell ip. Later with lailure i >f normal endresperm develop- 
uie’it. t>ie hybrid emlirvci' sin cuiab. Excision and cultiva- 
tion "• 'iii-Ii ernbi yo- on artifieial media are techniques that 
might extend the 'tudv oi li yOi idization in polvpinid plants. 


Heteroploidy in Animals 


-''■'‘b ■' b ' i; -Mthoiigh wicio'proad in plants, heteroploidy i.s 

'.I' -M, animal', .'^ee ii't from \duidpl. p .342 i In 

s 1),.;,. A ", r. "" '"'''in lit'ect'. bee' and WasP', males normally 

Bulb'f = 1 b’i'-’ A .-.'b- liv' i'.oi) parthenogenet ieally from unfertilized eggs 


gt.-n. 


] O Jo 


iMi.a' n'ip!o:d' 

.I'l'/' pp bf 


;!nd .ifc tln-refore haploid. Female.' develop from 
lef'nt.zed egg- and are diploids p. 432 . Excep- 
■!’id -err:],';.,;.!- have i,een found in the fruit fly. Druvo- 
fb, W'.'on did e.d , j). S.32 reier.s to hexaploid and 
e^■ol^^,- the l.i' aieu; type ij! .l.vcaro'- r/itijalucf'phiiln . 
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IX = 2, 2X = 4 (p. 20). Artom found tivo chromosome races in the 
shrimp, Aiiemia salina, one IX = 21. 2X = 42 and another 2X = 84. An 
octoploid race 2X = 168 has also been reported in the shrimp. The diploid 
races reproduced normally, but the tetraploid race with nonfunctional 
males developed parthenogenetically from unfertilized eggs. Polyploid forms 
have been discovered among the sea urchins and .starfishes. In 1931) Chen de- 
scribed polyploidy in the races of paramrcinm. Also in the sow bug. one of the 
isopods, Trichoniscus elisabethae, Vandel reported a diploid race IX = 8, 



Fig. 141. Srncii.s of Wl evils. 

Left, the Deubrobiuin weevil: right, the lilack Dinryniellus. These tonus are 
related to the polyploid curculionids. (C'ourtesy. Weigel, 1’. ."s, Dep. .tgic Faniieis' 
Bulletin =1.3b2, Washington, 192,3.,) 




Fig. 142. Chromosome Xl.mblks i.v Wli\'iL'. 

Left. (,7). the diploiri number oi 22 chronK'' lUa'': eeutt-i. ■ li).. tho tiiploid num- 
ber of 33 — 1 chi'innosi lines: light. '17 '. the ti-napioid iiurubor or 44 rliroiuos, iuk-^. 
(Couitesv, Esko .'^uoiualaiiien, ironi llt.ri ilitii.-. 





2X = 16 and a triploid race 2X = 24 with female- hut w-rv few male- Fig. 
140). The unreduced 24 chromo.-ome egg.- de\eioped parrheiiogi'iietically. 

Besides those in Drosophila . a few in-tance- of polyphudy lia\'e been 
found among other insects, a-, for e.xampiic. in two .-pecier of the .-tick in-cct, 
Caraiisius. The moth. Soh nobin triqin tri Iln . with 30 a- the ha-ic lx number, 
has two races, one with 2x = fiO and another with 4x = 120. Zygote- were 
found with as many as 240 chromosomes. Suomalainen who inve-Tigated the 
weevils bekmging to the ('n-rrnlioniilat found 11 to be th>- ba-ic lx chroino- 
some number 'Fig. I ll , <4f 13 .-pecics he found 4 diploid. 1\ = 1 1, 2x = 22; 
•5 triploid, 3x = 33; and 3 tetraploid. 4x = 41 I'ig. 142 . .\;1 [Kiivploid 

forms showed meiotic abnormalities gnd rcproiluced puithonogcMencriliy. 
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Pentaploid Tetraploid Triploid Diploid Haploid 


5X 4X 3X 2X IX 

Fig. 143. Fulyi'I.iiid Si,rik.-> <.if .^alamandlk Larvae. Tkitueus Viridescens. 
PentApluid ic- at Ivlt. Tetiaploi<i. and dipioid in .'ecjuent'e toward hajiloid 

at ri^ht. Bpiieath, pliotomk-rnoraphs ot' metajih.ise plates showing ehromosome.s 
charactei'istif i>i each form. Tlu'-e larvae were at tlie .same stage of development, 
exci'iit the haploid which was -^lightly less advaiieed, Since the larvae were all about 
the .'aine size, the changes in cell size due to [lolyploidy were compensated by a re- 
duction in the number of cells in the higher members of the .'eries. (Courtesy. O. 
Fankhaiiser. Princeton Fiii vei -ity. ' 

\’aiidel published the following li.'t of animals in which either natural oi' 
induced pnlyplniily wa- known. 

Hermaphn m lit e fi irni' 

Hihf poiiuifm i3ii and 4n i 
Partheiiogenetic forni' 

[)n ph n in ./■ I bn ' 

i ' ipri--'’ Jnsciitn .dn or 4n'b 
Ai'tiinii! sdhnn III and Su 

7 I'n'hnfn f l/yiihi tfnif i3li 
( 'll rn n.si II ^ niiiriisii^ and I'nmltiihi.-. 3u and 4ui 
f^oh iioh’ii fi-’ipi- rr> llii umi I icln m lln din 
T I'nrii '/ pill'll ‘I > ! 

Bisexual form' 

Xatur.d poivjihiid': 

d-scir,'"'- ii iijnliii.piiiiin arid liDnhriruiilts vur iiiirdtn-'> 4ni 
Arfii'ii'i unhiiii of ( tdc'sa ■ 4n 
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Echinus microtnhcrcnlatus hirnlcns i4n) 

Asterias forbesti and glacialis (4iij 
Experimental polyploids: 

Bombijx mori (3n and 4ni 
Many hybrids of Lepidoplera (3n) 

Hahrobracon juglandis (2n and 3ii) 

Drosophila mdanoy aster (3u and 4n! 

Rana esculenta and pipiens (,3n) 

POLYPLOIDY IX AIvIPHIBIAXS. In frogs lx = 13. 2x = 26. 
polyploidy was induced by pricking unfertilized eggs. The resulting larvae 
were found to be haploid lx = 13, diploid 2x = 26, triploid 3x = 39, and 
tetraploid 4x = .52. 

Fankhauser using a technique for counting the chromosomes in the 
tail tips of the lar\'ae of salamanders was able to recognize lii.'ing polyploid 

PENTAPLOID TETRAPLOID TRIPLOID DIPLOID HAPLOID 


55 44 33 22 II 



^d}(d;QQ(§)Q 

QiBjQ'Q 


'Q) & 0 
O'"} 


Fio. 144 . From Lvrvaf, of Sai.amixder. Trituri's viridk'i i X'. 

AI>o\f. outline 'lia'.Mnn' of tiii- nurlci ofiuin u-i nu' i-elF iiom tin- tail tin Fnlovc. 
diawinn' oi aland eeib al'o fn.iii the ta.il rm. '-oli iiouinlai'ic^ in Fioken hue' aii'i 
nui'iei ill 'ohd iine«. Fr.am jientapioid at 1 i-:t thiouirii 'oiie' to haj.loiil at rntht. 
Xuelear and eell size are roughly nropoitional to chioino'onie niirnbe:' whieli a'f 
uidii-ated. liy the iiuiubei' ob tei 11.' C'oui te'V. G. F'ankhaU'ei . Pi nil et on I’ii!vei-,ty. j 
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individuals. He found 1 to 10 per cent of spontaneous polyploidy in the 
natural populatioii.s of three species. By using some forms artificially 
induced, Fankhauser was able to obtain a complete series from haploid to 
pentaploid in Tritvrus liridescens, 2x = 22 (Fig. 143 and 144). Changes in 
chromosome numbers were induced by cold treatment of eggs at 0.5° C. 
to 3.° C. for from lb to 2fi hours. 

There was little dilference in sizes of the members of the chromosome 
races. Haploids. however, were a little smaller and polyploids a little larger 
than the normal diploids. Cell sizes were roughly in proportion to the 
chromosome number. (Irgans of the body were .slightly smaller in haploids 
than ill diploids. The organs of polyploids were, however, about the same 
size as in normal diploids. Because the brown-pigment cells or melanophores 
varied directly with chromosome number, pigmentation of the larvae 
showed differences. Pi.oment cells of haploids were smaller and closer to- 
gether; tho-e of polyploids were larger and more widely spaced than in nor- 
mal diploids. 

Questions and Problems 

1. Where the phy.sicai ha^i-: of heiitahle variations located? 

2. What the meaning of the term hrUro^louhj ' 

•3. What aie the known e.xtrenic- cf naturally occurring chrcmosome numbers in 
plant''' 

4. Di'tingui'h between the altcinating phase.- iii plants, emphasizing particularly 
the l■halal■teIl'Ue eliieme-i.me iiumlier.-. Wliat is meant by the terms l.V and 
and 2 V? Hew aie the haplmd ami ilipleid niimbcis maintained and derived in the 
life cych'-- Ilf plant'? 

.5. Dift'eientiatP between tlic tenii' 1 .\’ ami 2.V as ciintrasted with l.Y and 2A'. 

b. What 1 ' a chi I iiiiii'iime ci implement ? A aenoine? 

7. Lxplain the I li'tliirtii ii. between liuniiipliiiily and heteroploidy. 

s Wh.it 1 ' the mealiina nl rtic teim pohijjloi'h/ ' E'lplodhj.' 

!). What etfei't' wnufi vuu expert to find U'S'ieiated with abnormal chromosome 
nuiiibei' 111 III. Hit'” i.x'i'lam the i-hrom. I'ome constitution of a tripleid plant. A 
ten ajilni.i 1 pi !l!f 

1(1. IIiiw wii!e'Mr';i! !' the i irriu'i eiice 111 niil\-ploidy in plants? What groups exhibit 
the p! I t.i I'.lrnul,'’ 

11. A har iiin'titurc' i ’mlypluid -eiie.'? De'ciilie the polyplrud serie.s in wheat. 
Xaiae lit' >■: f.nwerina plant' i har.ictei ized by a pnlyploid series. 

12. tAli.iI al r ch' I il'ii I'l line lai'C'? 

b>. A h.iT kuid' ii; iiii;v;ihiii! lugamsm.' are recognized? 

14. \\*i at i' .neuj.'ia.dy" 

b"). X^aiiir 'I liar oi.inr- m which aUi'Ujih.iiiv neeui'. 

lb. \A!.ar air ’.ain.i-'iiiir iij.ant''' Disiinur? Tri'omic? Tetrasnmic? Xullisomic? 
A’hii li I'l t' C'i I' the iii'ima! r, .niht.iiii? Which i' exeeediiigl}’ rare? 


17. 

Uh.at hii.U' ic ulai.t' h .v- mil 

iluecii pnlypieid- ill iiatiire? 



Is. 

Wh .1 > 1 ..' eiT bv '. 11 ,. ira Un'i 

1 • g ’ Wheie ill a phint rnuM tlii- ' 

lecur? 


10. 

Ilxpl li: 1 h it ' :.-i' ".t b- im 

irrd gametes, hinw I’liiiM their 

fusion 

result ill 

20. 

f M- v--i ' - 1:- w ; 

'. .1 ni'il'iiil zygote might aiiac. 



21. 

Wh It -rage' ill Taa ..n- hi'-.; 

V !■: .1 elant 'Iri'iM be 'tudied to 

secure 

eviflence 
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22. How can gametes with unusual chromosome numbers aiise? 

23. What is a haploid plant? Of what importance are haploids in genctical studies? 

24. How may haploid plants originate? 

25. In the case of twin embryos in plants, why may one of them be a haploid plant ? 

26. What are the methods which have been used to .secure changes in chromosome 
numbers in plants? 

27. Describe the decapitation technique used to induce polyploidy. 

28. Speculate on the reported occurrence of polyploid plants in colder climates in 
relation to the artificial production of polyjrloidy by cold shocks. 

29. How does colchicine tend to induce ehromo^ome doubling? 

30. Is it likely that the use of colchicine to induce polyploidy will be of commercial 
importance? E.xplain. 

31. How can triploid or pentaploid plants be obtained if dijiloids and tetraiiloids of a 
species are available? 

32. Are polyploid plants likely to survive in natme? How do you explain the aliund- 
ance of polyploid plants in nature? 

33. Contrast the relative frequency of polyploidy in plants and in aiiiiuah. M'hat 
explanations would you offer to account for the siaircity oi polyploid forms in 
animals? 

34. Which groups of animals have most of the known polyploid loiius? 

35. What contribution doe>. lecent expeiimental work with -ex detei miiiation in 
polyploid plants make to this topic? 

36. Explain why animals which reproduce parthenogeneticallv should be the ones to 
show polyploidy most frequently. 

37. IWiat are some of the characteristics of polyploidv in aiiimab'’ Is there a relation- 
shiji between chroraosonie iiumbcis and cell 'izc* in animal-.’ Is theic a general 
increase in the size of an animal corresponiUng to increa-es m chi c.iiuo-omc num- 
bers and cell size? 
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chapter 18 


Chromosome Numbers in Development of 
Heritable Traits 


A.s early a' 1907 Lutz di.-'i-Dvered that a larjie type ot Oenuthtra, or even- 
iujt primro.-ie, known as the ”igas I’onu. had d(.(ul.>le tlie usual iiuinLer of 
(■hromo>omes and was, therefore, a tetraploid. Later dates .showed that 
the seini)iijias form was a triploid. Since then numerous iiu'estijiators 
have exj)erimentt‘(l with plants having •‘umt>ual’’ chromosome mtmher.s. 
Iflakeslee and his associates iiave made extensive studies of heteroploidy 
and its effects on form and size of the .fimson weed. [Jatnro. In general they 
found that the plants with increased chromosome numbers were larger than 
normal. AVorking with experimentally indtu-ed polyploidy in thi' tomato, 
Lindstrom also found a size series correlated with chiajmo'orne numbers, 
with triploid.s and tetraploids larger than the normal diph.tids iFig. 14a 147i. 
In both the .Jimson weed and tomato the haploid or lx plants are usually 
smaller, hat'e narrower leaves, bear smaller flower.s. and are less vigorous 
than the normal diploids. In triploids and tetraploids the leaves and Howers 
are generally larger than those of the diploids 'Fig. IdSn 

A'ariability of the effects of polyploidy on size. form, and appearance in 
Iilaiit' "hould be emphasized. While greater size may accompany increase 
in chrornoscjme numbers in plants, there are notable exceptions to this 
relation'hip. In some instances monophtid or haploid plants are almost as 
large as the diploid-, and in other case.- tetraploids art' no larger than the 
diploids. In the poplar nr aspen tree. Pnpulua tri m ulo I... x = 19, 2x = 3S, 
ox = .')7, tri])loid plants were vigorou- and often of giga- form. The tetra- 
pioid-. howewr. did not exceed them in size or \dgor. Leaves of these aspen- 
varied in size: tho.-e of the diploids were smallest, triploid- larger, and tetra- 
pioid- largest. In the gra— hnctnh^ n.^chirsonwim . artifii-ially induet'd auto- 
tetraploid- were nut different in size and appearaiiee from the diploid form. 
Some other gra-'e~. however, show ehromo-ome nnmber and size correla- 
rio;;-. In numeious iii-taure- there i- a deniiite reduetion in -ize and % !gor of 
p'anr witli iiiciea-eil ehromo-ome numbers Thi- i- found e-pecially in the 
higher polyploid-, a- in uetoploid-. S\, ur highei tvpe-. 
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Fig. 147. Tihr.tploid .tnd Dipl<jid Hyhrii) Tmmaidi.^. 

Ltft. tlie tetrajjloii.! hyin'id, hiico[jtr'-ic<iii ts'uh iJ'ii" X /., jnn /litu 
^elf-fertile hut rornplptely sterile with l)()th paretital 'pocit-^ TI.'a a a i-lean-riit c.isr 
ot a new .species in the niakiiii;. Eight, the ilipluid hy'uud nf the '-ana- specie.'. (Cour- 
tesy. E. W. Lindsti'iim. ■ 


Polyploidy artiticially induced in the garden marianld, Tiui(ti.^ tnctn. 
was accompanied by reduction in hei<iht. From the diplmd 31 inches tall 
the reduction in height wa.s to 12ij inche.s fur tetrapluid', tu .j'j for uctn- 
ploid.s, and in some extreme dwarfs which were thoucht to he Iti-plnid to 
only 1^2 inches. Petunia, cotton, and cultivated cucumber all .showed a 
reduction in size of plant or of plant parts in ocToploiri'. The s\ fypes 
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frequently showed low vitality, abnormal habit, fragility, and stunted 
growth. 

CELL SIZE. In Sphaerocarpus, one of the liverworts, the female 
gametophytie plants have seven .small autosomes and a large X chromosome 
in each cell, and male gametophytie plants have seven autosomes, homolo- 
gous with those of the female plant, and a small Y chromosome in each cell. 
The sex chromosomes, the large X and the small Y chromosomes, thus con- 
tribute different volumes of chromatin to the cells of the female and male 
plants. According to Lorbeer, the total volumes of the cells of the female 



I'n. 14s. rLiiWERr- OF .IlMSON WeKD, DaTUEA. 
series lit flilv.cr.' truin jioly)iloiil nlatit- 'howinsi: an increase in size with increase 
Ilf chrmnosonie imnibers. I Miiiiiticil aitet A F Blakeslee.i 

thallu' arc 1 7 timc' the volume of the cells of the male thallus, a difference 
proportional to the (lilfereiice in the total tna>s of chromosome.s in the celL 
of the two type- ot plants. 

Polyploidy in the mo'-es investigated extensively by the AlarchaL 
atid by von Wetr.-tein 'hows comparable re'Ults but somt' di'parity in 
meti'uremeiit'. For example, .-tudie.' of polypoid forms in the mo" genus 
Amhl jsti 'iiion hy fioth iuvi‘'tigaturs working itulependently indicaie iti- 
crea'C of cel! .'ize with an inerea,'e in chromo'ome number i Tables XXXIX 
and XL . In one invcstigaTioti eompari'ous of the chromo.'ome number,' and 
cell volume.' of the leaver of the raui^, h tiironutnco . were as follows; 

Cliri nijo-'' IN : 2N : ;tN ; 4N 
t'cii 1 : 2 4 : 4 ,5b : 6 SS 

Von Wett'teiu eiiut.ted the number of cells acros.' moss leaves from plants 
with lx. 2x. 3\, atid 4x ehromo.'omes. In general cell .'ize itn-reased in proper- 
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Table XXXIX 
A 

Makchals’ Measeremexts of Cell Sizes ix the Chromo- 
some Races of Amblystegium serpena 


llai e 


Cell Measiireine/it-: in ilieron.^ 


Chronio.'inine 
S unibur 

Length 

If;** 

Thick net- 

VoluJnc 

isX 

39 I 

10 0 

12 5 

4.S7o 

2X 

59 

11 a 

14 .5 

'.I.S37 

4X 

76 

18 0 

20 0 

27.3(10 


B 

Vox Wettsteix's Measvremexts of Cell Sizes ix the 
Chro.mosome Races of Atiihbjeteainni Serpent 


Race I'tU Miasunnii.nt-s in M a nin.-< 


('hroinoiom 
X umbt! 

* Length 

Width 

Thirkfih 

1 'oinirU 

IX 

37 12 ■ 

S 47 

13 .'lO ’ 

4.244 

2X 

51.40 ' 

11 12 

14 00 

8,002 

4X 

1 IIS 32 ■ 

1 ! 

22 02 

21 20 

•36 76! t 



C 



Ratios of 

Cell Volume.s 

IX THE Chromosome 

Racks ok 


.1 tnbl'j‘it, 

'tiinffi 6 

frpen< 



(_'hi R'hi s M iirrhii'A Data lO/f 11* Data 


IX 1-2 1 1 ss 

2X'4X 1.2 7 1 .'1 2 


Table XL 

Relationship hetwf.f.x Xt'Mbf.r of Chromosomes ant< Xcmber oi Cell~ ix 

\\ ( IRO \X 


lx 2x ox 4x 


Xrinih-! of . fli- .iiToss L.'tf. Mi-un of 7 iitioss pi.T'iis 4.j ti .')} 7 
Xiitiihor of rolls across thf loaf of R m^'a 


A 0 


40 (I 


I,-) 
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tion to the number oi chromosomes, but the number of cells in an organ 
decreased. 

One comparison of the internal structures of the members of the poh'- 
ploid ^eri(‘=< in ^eed plants is that of Sinnott, Houghtaling, and Blakeslee 
on the anatomical and histological features of the polyploid forms of the 
Jimson weed, iJntur/i dnunoniurn. In Datura haploid, diploid, triploid, and 
tetraploid spurophytic plants are known (Table XLI). 


T(,hh XU 

C'ei.i tin.r.Mr' ix 10-0 Pu Mm. of Polyploio .Scries ix Datura stramonium 


Fiiint Ti" 

il2 

Diphail (24i 

Tnploul (H6 

T drapluid l48i 

Lpiilcniial Cl 11' 

S Iti 

14 H 

IS 6 

29 4 

Siibppul' niiiil '•f'lK 

22 no 

27 4 

56 4 

46 8 

C’nrtcx Cl 11' 

44 4(1 

00 4 

134 0 

204 0 

Pith fell' 

Ho 20 

(42 0 

lOS 0 

164 0 


Mca'Ui'emcnt.' in cubic niicroii,' of both nuclear volume and cell volume 
for two '(lecie-- III I ujla and their intei'specilic I j hybrid showed a po.sitive 
correlation with the iiumbcr ot chromosfime.s. 


TatD XUI 

Xc' i.i Ml \ oil 'll \Ni) III] \i>i.r\u. IX I lala SrEciE.s .vxd Their Hybrid 
M l '.'I Ht.ii i\ Criiii. -Microxs 


.s' ' 

' 1 . "ji-pfsit F: Hybrid 

r. papilwnacen 


•2X = 2o 2X = .t: 

2X = 54 

C! I.il,!,.. 

2i.s 1 .t3H 0 

523 6 

■ IC ca- 

-’ 277 7 2,713 0 

3.607 8 


P( )i,i,i:x ( ;[:.\!X- 

ai'a i ’ 1' li 1 1 ' 'liii I'l Ilia 
toinatii Aith tIi.- :i;i' 1. iia 
1 1 chi I mil I'l mil-' t!'. iiii ii 

in ml I lip' i 111 1 p',i!,i ' a .'I . 

II! diamc'er: a !;: •• ini .■■■. 
mc:"-:;;'cii b."! ijv 

'.VCl't 1 3 i'. 'icMii-c. r .. I 

tint, lit piiih-n-aiaoi 'to- 

.so ni.uiy ni'tatc'C' ihar 


l.ii'd'tmm ■'tudied the correlation of size of pollen 
i.iimiit-r' 111 the polyploid 'crie' of the cultir'ated 
pinid ■■hriimo'oiiie number of 12. Pollen uraiiis with 
aptiiid plant' had a diameter of 27 microns: tho.se 
Alin 12 ciiioiaii.'iinic', were likewise 27-28 mieron.s 
ara'ii' with 24 chronio'ome' from tetraploid plants 
"I liiamctt-r In the cultivated cucumber, Cucuinis 

p, , ar.ii!.' Were a' 1. those of the tetraploid' 

; 1 s cr,i ection area and vi.ilume. The eorrela- 

‘ un ttie |•hIomo'ome number ha' been observed in 
tlu' ( hai'acteri'tic is regularly ii'etl as a superficial 
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indication of the chromosome number and consequently the position of the 
plant in a polyploid series. 

CHLOROPLASTS. In the mosses, Physcomitrium and Amhlysteyium 
serpens, although the cell volume was greater, the chloroplast.s were no 
larger in polyploid than in diploid plants. The number of chloroplasts, 
however, increased with the increase in the number of chromosomes. Von 
Wettsteiii from his studies of chromo.some races in the moss, AniblijMuiium. 
concluded that increases in number of chromosomes were accompanied by 
increases in nuclear volume and proportionate increases in cell \-olume. The 
number of chloroplasts also increased as the cell volume became greater, but 
their size remained approximately constant. In both tomato and tobacco 

Table LXHI 

Aver.vge Number of Chloropl.^.st-; ix Relation to the Nu-mber of Uhro.mo- 
SOMES IX THE CeI.LS OF Moss Pi.AXTA 


1 X '2x 4x 


Average number of chloroplasts in cells of .-i 14 4 2tl 0 4 


the chloroplasts in the cells of tetraploid plants were slightly smaller but 
somewhat more numerous than in those of the diploid plants. In the cucum- 
ber chloroplasts were no larger but 1.6 more numerous in tetraploids than 
in diploids. 

PLANT ORGANS AND .'^TRITTI'RKS. Increa.se in cell .dze, 
characteristic of polyploid plants, also fretiuently results in a corresponding 
increase in .size of plant organs and of the plant as a whole. For 65 ditterent 
kinds of flowering plants in which [lolyploidy had been artificially induced. 
Blakeslee and his associate.s mention that the parts of tetraploid plants 
were more robust than the corre.spoiiding structures of diploid- and that 
there was a positive correlation between size of pollen, floral parts, seeds, 
leaves, and stomata and increa-ed rhromosome number. V ith an increase in 
size of individual cells, there is. however, a tendency tor the number ol cells 
to be reduced in a polyploid plant. Frequently this decrea-e in cell number 
tends to decrease the size of plant organs and often ot the plant as a whole. 

Flow er Size. Parts of the flower, the -epaF. petals, stamens, and pistil, 
and the floiver as a whole tend to be greater in tetraploids than in normal 
diploids I Fig 14S . Babcock reports that the haploid', lx. of ( ri pi.'< produce 
smaller flowers than the diploid or 2x forms. Triploid- and tetraploids of 
some species are of gigas type with proportiotially enlarged flora! part*. 

Fruit Size. Fruit size is variable in polyploid-, ^tebbin.' states that 
plants bearing simple fruits with few -eeils are frequently larger in the lower 
polyploids than in the normal diploids. With plants bearing compound 
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fruits and many seeds, there is a tendency for the fruits to be smaller in 
polyploids, particularly in the higher polyploids. High chromosome num- 
bers may result in a chromosome unbalance, one expression of which is low 
fertility. Low fertility results in fewer .seeds and. with a relationship between 
number of seeds and fruit size, conseiiuently small fruits. At the same time 
the shape of fruits of polyploids may be modified from normal. 

Genetic Basis of Variability in Polyploids 

It i-; now realized that the effect of an increa.se in the number of chromo- 
somes depends upon the genetic nature of the plant affected. Often the out- 
standing features of a plant are dependent upon a large hereditary complex 
in which there is an interaction of the genes. Size of plant depends upon a 
multiple factor group or a group of polygene.s with possibly all types of 
factor interactions. If the >ize genes of a species show cumulative effects 
that are favorable, polyploidy with a corresponding increase in the cumula- 
tive factors may rc'sult in incroasi* in size of the plants. However, if in another 
species the size gene,' (hi not show cumulative effects, increase of chromo- 
Munos and mimber of geiK." may not Ix' folh.iwed by an increase in size of 
the plant.'. It is even pos'ible that where geiie.s conditioning smaller size 
are cumulative in their eff(.-ct-(. pi.dyploidy would increase the number of 
genes inhibiting size and result m a smaller plant. 

During long period' of time, organism' in nature became morphologic- 
ally. phy'iologically. and gmietically balanced. An upset in the genetic bal- 
ance might conceivably follow the induction of polyploidy in a plant and 
could be followed by uiita\’orable reactions. These unfavorable reactions may 
expre'< thcin'clvc' in th<' .'tuntcd growth, mi'shaped parts, and infertility 
trait' which arc chaiactcri'fic i.it many of the higher polyploids that have 
been artificially indiic»-il In view of the above, ('xplaiiatioiis of the extremely 
wiriable etiect> oi hcteroploidy may be 'ought in a more perfect uuder- 
.'taiiding ot the neiituic' ot the ]tlant' under invc'tigatioii. 

Autopi ilyph lid' by their nature ha\e merely an increa'ed number of the 
same gene' a' the 'inginal diploid Their aenetie characteri'tie'. therefort' 
may not ditfer creatiy trom the diploid. AllopolyploiiL or amphidiploids. 
which have originated ironi hybrid' ot diploid 'pecio'. combine genes from 
tw'o di'tjnct 'pecic' Fhey may on that aei-oiuit >liow greater diver'ity than 
autopolyplnid>. ( dga' teaturc', it they are touiid, may he part of the iiicrea'e 
of the lu'terosis in the parental hybrid plant' that n carried over into the 
polyploid. 

Physiological Features of Polyploids 

\ 1(tI)Pi. Iv, idt'iicc a‘ ( unmlart - that eai h 'peciC' of plant ha.' become 
adapted Tii an opTiiuuni 'lUinoci 'it l■hr(lmo'omc'. to certain 'izes and iiiuii- 
bei'.' Ot cell' and pl-'.i.i ti.art'. ami to 'i/e of the plant a' a whole. ( ieiierally 
littl(-‘ i.ii'tiirbaiiee rc'iilt' tioin tic iiicrca'e of chn.iiuo'cinie iiuniiier.-r in tlie 
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lover members of r polyploid -^eries such as triploids and frp(|UPiiTly tetra- 
ploids. Alost fioweriiig plants appear to exceed their optimum chromosome 
number at about the hexaploid, fix, or the octoploid, Sx, stage. These 
polyploids then lack vigor, grow more slowly, are no larger, and. in fact, 
may even be smaller than their normal diploid relatives. It has been found 
that the rate of cell division in polyploids may cither be increased or de- 
creased. In seed plants the rate of growth i.s generally slou-er m polyploid 
tissues than in normal diploid ti.ssues. 

VITAkllX C( )XTEXT. The carotenoid pigments in the endosperm of 
corn grains, conditioned In' the duplicate genes T 1 -// 1 , Tj-y/j. etc., are related 
to the development of vitamin A. In 1940 Randolph and Hand showed that 
tetraploid yellow coi'Ji produced 10 per cent more carotenoid pigments than 
diploid plants of the same variety. Endosperm cells (3X i with 3 0 times the 
volume of diploid cells had o times the carotenoid content of the correspond- 
ing diploid cells. Alaugelsdort and Fraps ha\'e also shown that vitamin 
content increased with each ad<litional Y gene in the 3X' endosperm tissue 
tp. 251). ^^'hite corn has the duplicate F-// genes in the recessi\-e state. 
An interesting taimparison is found in lO-pm-cent reduction of carot(Mioid 
content of tetraploid rai-es of white corn compared with diploid white corn 
This indicates that iin.-reasing the number of recessi\-e // geiu's tends to 
reduce further the carotenoid pigments and \-itamin content that are con- 
ditioned by the dominant V alleles. 

Ml'TAl'H )X R.\TK. Blakeslee finds that the mutation rate, both that 
for chromosomal aberrations and gene mutations, is greatly increased in 
haploid daturas. The natural occurrence of extra chromosomes in the 
oft'sjtring of the haploid plants is nearly 10 times as great as in the jjrogenies 
of diploids. Spontaneous gene mutations are found to occur at a rate 5 to 
30 times grt'ater in haploids than in diploid plants .-Vpparently there are 
exceptions to this in other organisms. 

EC( )L( irilCAI. FE.VTrRE.’s ( )F P( )LYPI,( >1 ] )S Xumerous -tudies 
have been made to determine the effect', if any, of polvploidy on the 
ecological distriliution of plants, 'rhere are 'oine indications that polyploid 
races and species have a distribution cotcnng a wider range of habitat, in- 
cluding especiall.v lower extremes of temperature and humiility. It has also 
been suggested that perennial specie' have higher chrumuseime numfiei'' than 
annuals and that winter hardiiiP" is a reature of iiolyploid'. Bowden in 1940 
questions the whole theory of the greatej- adaptabilitv of polyploids ij\'er 
diploids, .'stebbius. 1950. tends to regard the problem ol the ecology ol 
polyploids a' unsolved for th<‘ present. 

FERTILITY IX P( )LYPL< III).'' Polyploid plants show '. aryiiig 
degrees of fintility. Autojiol.vploid' are generall.v ie" fertile than allopoly- 
ploid'. Tho'c ivirh iiuc’.'en number- of l■hl■omO'Clnle' -uch u' tnploid', 3x, 
and pi ntiiploiil', 5x, e'jieeialli' -how low fertility. .Vuto-. tetra-, and hexa- 
ploid', particiilarix' if they are of reeent origin, mav al'o ha\e low lertility. 
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variations and germinal changes 


Chromosome behavior, with irregularities in the separation of homologous 
members in the multivalent combinations during meiosis, is one of the 
causes of low fertility in autopolyploids. These meiotic irregularities lead to 
the formation of mierospores and megaspores with varying numbers of 
chromosomes and lowered vitality of these structures. Low fertility or even 
sterility thus may be associated with chromosome behavior. Examples of 
experimentally induced autoploid.s with fertility lower than their diploid 
ancestors are those in Datura, (Jtnothtra, Solanum, and the tomato, Lycoptr- 
sicon. Some plants with low chromosome numbers such as some species of 
(’rcpi-s have given rise to tairlv fertile autopolyploids. Natural autopoly- 
ploids long-established in nature show high degrees of fertility. 

I stially allopolyploids or amphidiploids are more fertile than auto- 
polyploids. Although there may be a reduction in fertility in some allopoly- 
ploids. they are generally more fertile than the Fi species hybrid from which 
they originated by chromo.'-ome doubling. The degree of similarity in the 
members of the chromosome sets entering into the original cross forming the 
hybrid ancestral to the allopolyploid is a factor in the fertility of allopoly- 
ploids. Ill general, the greater the genetic dii'ersity is and the more unlike 
the members of the ehromo.some sets are. the higher the fertility of the 
allopolyploid, C unver>fly. tlie greater the similarity of the chromosomes of 
the two sets i^, the lower the fertility ol the allopolyploid. Besides meiotic 
inegulanties a genetic background may exist and form a basis for some of 
thi' \'arying degrees ot fertility in both auto])olyploids and allopolyploids. 
1 here are genes that atlect lertility and sterility, cumpatibilitv and incom- 
patibility. and ei'en chroinoxmn^ behavmr. The.se genes are operatit'e in 
polyploids a.' well U' in diitloids 


Comparisons of Natural and Experimentally Induced Polyploids 

I'liiiii ill' e\tcii'i\c 'Tiid\ oi il.'ita oil hotli cxpci'inientalb’ ituluced autopolvploirls 
aiiil the iMtmaili- autopoiyi.loi.l chi ouio', .nie lacex Muntziiig has concluded that 
rhcie i' -icat 'Iiudaiitv iii the tv.o cateiionc'. He 'UV' that the natumllv jiolvploid 
itiroiii, ,'1,1110 ia, C' within a 'pene' verv frequently exhibit the sump kinds'and deiiree 
I, I mu.i' chai.ii tci ' that ociaii in inducod autopolypioid'. with a pnsitix'e correlation 
hctwccii ctii oihi I'l aiic mniihfi'. c-ell >i2c, and idga' eharacters. (deiierallv liiirlier 
demcC' n! polyploidv liavc l,ei-n lenoited in expetnaentally induced material than 
iii'iiuaiA c\i~t nii'lci natiiial c, imlitioii'. In natuie iilant' with an excessive chromo- 
some mimt,cr may :,e niomptly eliminate,! licau'c of rlieir unfitne's for survival. 
( ompai toc mari-uai m cxp,.n:uental polyplm,H may theiefoie show greater 

di'-ei'iry m 'i/.,' th.iii n toiuid in natuud chioiuoM,me races. 

L'. a cmioai I'l 'll o. expel iiuental riolypioid' arnl those found under natural 
coiiditmu'. tertilirv dc'crvcs 'pe.-ial lUTenTmn. The reduced feuilitv accompanving 
iiiim; meiox^ m experimeiiTaliy iiiduic,! autopolyploids has alieady 
ti.i' hiiihc: ieitility oi natural polyploid race^. In 
•1 the accumulation of mutations affecting 


mulrivaience 

!,cc;i mfT,f ,;ied and c.tTltc-i't 
I, .Pure there has heen a Ic-asi oeno' 


Tfitl 


n 


T! 


tne more lavorahle mutations could have 
turther cTr.pru.'ize,! th.- .lureretmes u, fertility between loim-established natural 
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polyploids and those recently induced. Experimental plants are relatively few and 
of too recent origin to have been subject to much selection. There appears to be, 
however, some evidence of variation in the fertility' of this scanty experimental 
material. This might be accounted for in part on a purely genetic basis. If e.xperi- 
mental polyploids were numbei’ed by the thousands, some of them might be suf- 
ficiently fertile to survive in nature. 

Allopolyploids occur more abundantly in natuie than autoijolyploiils. but they 
have perhaps been less frequently induced by artificial means. Alloi)olyploids as 
well as autopolyploids are variable in their general characteristics sucli as size, vigor, 
and even fertility. From his studies Miintzing concludes that the similarities between 
autojjolyploids and allopolyploids are more important than theii differences and 
that these similarities are due to the fact that on a purely cytologimil basis many 
allopohqiloids are at least partially aiitopohqiloid. There are probably at least a 
few similar chromosomes in most allopolyploids within a species. 


Genetics of Polyploids 

Ilybridizatiou between a hoiuozygous-doiuiiiaut diploid as .1.1 and a 
homozygous recessive, na. results in the production of a heterozygous Fi 
geiieratiun, .!«. Selling the Fi (.ir mating the Fi. a.s .la X .la. ri'suits in an 
pb ratio of l.-l.-l :2.1a : bm. In an autopolyploid. for example an autotetrn- 
ploid, the allelic genes are doid>les. a' .l-a and .l-a. located in two pairs of 
four homologous chromosonK's. Hybndizatiou between a dornmant auto- 
tetraploid. a.s .1.1.1. 1 , tiiid a rece.ssive. as ihk.ui. will pri.iduce a heterozygous 
Fi .b/.la. Random assortment of the quadrivah-nt chi’omosomp.' carrying 
the genes .!-« and .l-a will result iu the protluetiou of the classes of gamete' 
111 the ratio of 1.-1.4 :4.1a' laa (’haiii'P recombination of these gamete' may 
result iu a ratio of 35.1-:laa and the production of a phenutyjiic ratio of 
approximately 35 dominants to 1 recessive in the Fj generation. 

The irregularity of chromosome separation pret iously mmitioned natu- 
rally leads to interference with the free a."ortment of the genes Lack of 
random separation of chromo'omes cause.' devuitions in the expected 35:1 
phenotypic ratio in the F- generation of an autotetraploid. The tomato 
amphidiploid det'eloped from cros.■^^lg l.iifapi < .s< uh titnm and L. 

pimpiruJlifoliiin! yielded several different F_ ratio'. Uiltereiit gene pairs 
showed ratios of 31 1. 28 1. 25:1. '22:1, and 211. 

.Among suggestion' advanced in explanation of the variation' in 'Cgrega- 
tion leading To di versitic' in phenotypi<' ratio' are the following: ' 1 , jio'ition 
of the genes relatit e to the eentromere (jr kinetochon', the amount of crossing 
over being influeneed by tht* di'tanee from the ci'iitroniere. 2 'tructural 
change' m the chromosome' oi lung-e'tablished tiutopolypluid' tending to 
eliminate their autoploid charaeteristic' and cau'ing them to act more like 
allopolyploids. '3 genetic dilficultie.' a' iiicnmpiete doinmani-e and gene 
interactions leading to moditied phenotypic rario', and 4 frequent lo-w 
lertility of autopolyploids because of meiotie iiTegularitic' might moilify 
the phenotypic ratios. 
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VARIATION'S AND GERMINAL CHANGES 


Summary of Variable Effects of Heteroploidy 

The effects of heteroploidy in plants are variable. In many cases an increase of 
the chromosome iiumbem as in triploids and tetraploids has resulted in an increase in 
the size of the affected plant.s. However, an increase in size has not universally accom- 
panied polyploidy, some plants showing little or no difference in size between normal 
diploids and polyploids and some polyploids even showing reduction in size. 

Certain features appear to be characteristic of polyploidy, A general tendency 
toward stoutness, bluntness, and larger size of parts, such as stems, leaves, stomata, 
pollen, and flowers, is chaiacteristic of polyploid plants even though the plants iiiay 
be actually smaller than the normal diploids (pp. 347-349). Increased cell size 
generally accompanies multiplication of chromosomes through polyploidy with a 
positive correlation between the chromosome numbers and cell size ipp. 350-353). 

A genetic explanation may be offered for the variable eft’eets of heteroploidy in 
plants. The effeets of an inerea-e in the chromosomes with the consequent increase 
in the number of genes depend upon the action of the genes and the genetic nature of 
the plant. 

Meiotic chi'omo-ome beliavioi dijiir-i m autopoli ploids and allopolyi)loids and 
within the two group'. The vaiiations aie dependent upon the degree of homology 
among the chi'omo^omes conipo'ing the polyploid complement, that i«. the similarity 
or dis'imilauty of clii'omo'oinC' contributed by the original diploid plants. .Such 
ditferemes at meinsis constitute a physical basis for the phenotypic ratios pre.sented 
in the progenies of polyploids. 


Aneuploidy or Polysemy 

The normal condition ol two honiolug.ius membeis m each type of chromosome is 
de.'ignated U' disomy; the tw.. ineinbeis of c.-n h paii arc disomes, and the plant is a 
disomic plant. Minoi deviation' m rhiomiiMune uuinbeis probably aiising through 
irregularitiC' in inn Icat divi'ion' and coii'titiitmg the condition known as aneuploidy 
have licen foutnl in 'ome vaiiiUic' and 'pecie> nf plants. Blakeslee im'estigated 
aneuploidy in the .Iiiii'iui \sced. Ihitur'i He found that Datin''! eoinmonly had twelve 
paii' Ol twi'nty-foin chi oinosomc'. that i'. lx = 12. 2x = 24. .'sometimes one of the 
twi'Kc ehionio'oiii.. rypi ' \\a' lepie-ented i.v three homologou' members instead 
of tlic no! Ilia! t Wf I. .A plant u itl, i cie chronio'ome tvpe consisting of thrtf hfimologiips 
is a trisomic plant, and the i-ondition i- termeil Tii'omv. Thf- ehromo.'omp formula of a 
tri'oinic l>ai.,ra nia',' be indic.ifed .t- 2\ o- 1 or 24 — 1 = 2.5 chromosomes. An 
orherwi-e iioimal diiiioni plant with one exti'.i chi'omo'omi- i' called a trisomic 
diploid It .1 noi'iiia! dnploi.i l/al,ra jiLuit witli tueh'e pail' ol l•llIomosoraes A a 
hah}nr>'t Jann , a ti I'oinic i tiplonl. c .r any . itlier ancupli di 1 t vj le, ma v be . le'ignated a' 
an ( c. ,/ ra rlll"ll'""■• hiri". With twelve pair' of homdogou- ciiromo'omes in 
Dat-ira, twid'.-e nci;;' < •: tli'-'I,.!,. dlpioni. 2x — 1, J.iant' aie pos-il,lp All of them 
have hoPii louial, ,ind eaidi ol th^ uiiL.ilain od 2\ — 1 piaiit' diffei' markedly from 
rile noi-i.i.il iliiconi ; .aiir an.i I'o:.'. rlie orhci- .Anionp; the rhai'acteri'tic' infliienceil 
ov the ext' 1 , h-i cai ci.e' a', the -i/.p ronn . u the fruit' oi rap'iile', the d.cvelop- 
ir.ent ol 'po.i-' 0 -, Tee ■xio- m-'. .uni tie nit incite -izt . loi n, . and hi anclaiig type < u 
ti le wl.t ..e oi ! '.I Ti' n : , -tut' h " ennble.J iin. a tol ' to locate 

tc'i't.'' f,..',;.'!'' '< ’. . '..1' 2’, — ! ’ 'laiit' .th ext: eh 1 o na 'oiiiC' have been 

loiind ■■ the ' ria.M, tin a...;, u.-i refap.-iid ;'ie;i.i,e:' ,,[ the polv|xloi(l senes ot 
Da* ,'-!. I”' e re' polysemy -I'e-i t- h-'ini ite f'> s- geneiaj eotaiition in 'vhii h phints 
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lia\-e varying numbers of extra ehromosomes from one to many. Each of the several 
polysomit forms or types found in Datura is indicated b\' a distinctive term. Aneu- 
ploid plants lacking one or more chromosomes were also found in Datura. Plants 
lacking two members of a chromosome pair are called nullisnmics. Xullisomic 
diploid embryos probably never live, and even tetraploids lacking two members of 
one type of chromosome are small and weak. 


PoLYsO.Mic Types in D.ytur.^, lx = 12 Chromosomes 



.Xiittirt of ( 'hromosornt' 

Ch 

rohio.sODu ( 'hrofnoso)n€ 

Kitids- of Plant.i 

< 'nmplernent.s 

Foliii'ihie Sinnhfra 

Balanced haploid 

one member of ea<-h type 

lx 

12 

I’nbalanced disomic 

one member of each type 



haploid 

plus one extra 

lx 

A 1 12 ^ 1 = i:i 

Balanced diploid 

two members of each type 

2\ 

24 

Unbalanced trisomic 

two mi'mf)ers of each t_\ pe 



diploid 

plus one extra 

2x 

A 1 24 A 1 = 25 

Unbalanced tetrasomic 

two members of each type 



diphjid 

plus two extra members 




of one type 

2x 

A 2 24 A 2 = 20 

1 nhalanccd douhli' 

two members of each typi* 



trisomic diploid 

plus one extra of two 




types 

2\ 

A 1 A 1 24 A f A f “ 20 

Unbalanced 

twe' members of eaeh of 



monnsoinic diploid 

eleven types but only 




one member of the 




twelfth typi- 

2\ 

- 1 24 - 1 = 23 

Unbalanced 

two iiieiiibers of each of 



double inonosomic 

ten types but only one 



diploid 

iiieiiiber 111 each of the 




two other type.^ 

2x 

- 1 - 1 24 - 1 - 1 = 22 

Unbalanced 

two meiiibiu's ot each ol 



nullisoinic diploid 

I’leveii type? but both 



Not viable 

m<-mber.sof twelfth type 




lacking 

2x 

- 2 24 - 2 = 22 

Balanced triploiJ 

three members of eaeh 




type 

.>x 

.10 

b nbalaneed tctr.i.somic 

three membeis of eaeli 



triploid 

type phis one e.xtra 

..lx 

A 1 :10 — i = 37 

Balanced tetrapluid 

four members of eaeh type 

4x 

4,s 

L iibaluiicfd [lentasomic 

four lueiiibers of eaeh typi' 



teti'aplnid 

pin.' one extra 

4x 

A 1 48 -r 1 = 49 

L nbalaneed hexisuniic 

four members of each type 



tetraplnid 

plus two extras of one 




type 

4x 

4- 2 48 A 2 = 50 

L nbulani'ed septisomic 

four ineiubers of each type 



tetrapluid 

plus three extras of one 




type 

4x 

4- :i 4S - :i = 51 

The twelve pairs of 

chrnmo'omes in Datura 

are de.'ignated by letters: 

the type with the large 

st chromosijme member 


L; other large type.'. 1; 

medium larue. M ; medium .'inall. m; the next t' 

LI the smalle.'t type, S; and 


the wry 'malle.st pair, s Fii> 1 fh . A-- a further mean.' of idenrification. 
the Blakeslee a.s.'oi-iates al'o numbered ea<-h end of the twelve paii> of 
fhromo'ome.s. The ends of the large'! chromo'onie L were numbered 1-2; 
the next largest, type 1, was numbered 3-4; the large.'! M type, 6 • 6;andso 
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on to the smaller chromosomes. The next to the smallest chromosome was 
numbered 21 • 22, and the very smalle.st was designated 23 • 24. 





M‘ 


99 

M Tw° 


1 ^ 



in 



z n 


iJlT M 

M ^ L 

4^ sysM 

♦« 



3n 4-n 

p'lo, 140. Chp.omosome Comi'lf.M!:nt< of IX, 2X, 3X, 4X D.^tur.^s. 

(Cou^tt'^y, A. Dorothy Bcrgnor and Carnegie Institution of Washington.) 

CfI \K\( TEKI.''TIC.-.. OF POLYSO.MIC PLANTS 

I'he first piilysornir plant .-tudied in iJnttirn was a trisomic diploid called 
••('rloiic." bfi-au'e of it- rounded or globose capsules. It differed further 
from the imnnal diploid in having ?tout .'pines on the capsules and in the 
f<irm of the lcu\'c.' which w<-re broad with slight marginal identations fFig. 
!.■)() It had Three iii'toad of the normal two of the next to smallest 

chromosome.' de'ignateil 21 • 22 with the ehromosome formula 2x + 21 ■ 22. 
Later a tetni.'i.imie diplwid. 2x — 2i21- 22., was found which showed the 
(ilol.e iduinicteri.'tie' to a greater degret' than the trisomic diploid. Evi- 
dently the extra do.'age of genes earried by the one extra chromosome 
21 • 22 had the etteet of conditioning the development of shorter, broader, 
and more glulio'e cap'ule' with 't outer .'piiies than were found in the normal 
di.'omie dipkiid. M hen the total gene dosage wa.-^ further increased with two 
extra 21-22 ehromosomes in the tetrasomic diploid, there was a cor- 
respondingly greater gene unhalaiice. intensifying the phenotypic Globe 
characferi'ti';'. 

The ( dohe I liara- ter wa' al-o studied in tetraploid Datura. Among these 
were a penta'oinn ti-traploid 4x — 21 • 22, a hexisomic tetraploid 4x -e 
2:21-22,, ami a septisomic tetraploid 4x -f 3t21 - 22i. All showed the 
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Globe characteristics more markedly than in normal balanced diploid.' and 
balanced tetraploids. The (,ilobe character was greatest in the plants with 
highest number of extra 21 • 22 chromo.somes and with the correspondingly 
greatest gene unbalance. Thus. 4x + 1(21 • 22) showed the least of the 
Globe characteristics, 4x + 2 (.21 •22) a little more, and 4x + 3(21 • 22) 
mo.st of all. 

Ill the course of the investigation in Datura, trisomics with an extra 
chromosome from each of the twelve pairs were studied. These trisomic 
plants were all distinctly different, iiecau.se the extra dosage of genes from 



Fig, Co( kijibi-k. 2X + 11 ■ 12 a \Vi:ll-knowx Tk[-.<‘imi( Fl\xt of Datura. 

I Courtesy. A. F. Blakeslee. i 


each of the twelve pairs of homologous chromosomes as 1 ■ 2 , 3 • 4 , 5 ■ 6 , 
etc., tends to condition specific forms of trisomic .Jimson-weeii plants. These 
new kinds of plants were each given type names indicating their outstanding 
characteristic (Fig. 153 1 . 


Di.'I(;.\.ctii.i.n of I’l.c.m'.- 
Ncjrmal diMiinic iliploii! 

Tnsoniie diploid (.dohc 
Tetra.-oimc dipl<iid double Globe 
Peuta.'Oiaic tetraploid Globe 
He.xa.'umic tetraploid Globe 
Septi.'umio tetraploid Globe 
Tri'oniie diploul Ilex 
Tn.'ornic diploid Cocklebiir 
Tri'oimc diploid Poinsettia 
Double tri'Omic diploid Ilex-Globe 
Trisomic diploid Rolled 


Ghku.mo-omk Gomi'Le.mk.n r 

lit I’l.CM 

2\ 

2x -21-22 

2x -21-22-21-22 

tx - 21 - 22 

4x - 21 - 22 - 21 - 22 

4x ^ 3-21 - 22- 

2x - 23 - 24 

2x - 11 - 12 

2x - 17 - 18 

2x - 21 - 22 - 23 - 24 

2x - 1 - 2 
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Questions and Problems 

1. Explain the terminology associated with that phase of heteroploidy known as 
polysomy. 

2. How do polysomic plants originate? 

3. If a trisomic diploid plant 2x + 1 shows certain outstanding traits, what may be 
exjiected in a tetrasomic diploid 2x 4- 2 ; in a pentasomic tetraplnid 4x + 1 : 
in a hexasomic tetraploid 4x + 2: in a 4x + 4 plant? 

4. Explain the difference between plants of the formulae 2x + 2 and 2x + 1 + 1. 

5. What are tiiMimi('>? How many trisomics may be expected in Datura! Why? 
What aie their plienotypic characteristics? How are their jihenotypic character- 
istics explained on the basis of their chromosomal features? 

6. Why are nullisomics generally confined to polyploid plants? What are the 
phenotypic effects of milhsomy? 

7. What are some of the most striking characteristics associated with polyjiloidy 
in plants? 

5. What effect does jiolyjiloidy have on flower size? Xame some plants in which this 
relationship has been studied. 

ff. In gimeral, how doe.-' polyploidy affect cell size? M'hat is the relationship of 
polyidoidy to volume ol chromatin? 

10. Xame some lower plants in which polyploid series have been found and compare 
chromosome number.s and cell volume? in the series. 

11. How have the lower plants been useful in the study of polyploidy? 

12. What data have been loiind on relation-hip of cell size and chromosome number 
in the .Iini'oii weed’’ 

13. How ha- 'ize of pollen mains been Used in diagnosing polyploidy in some of the 
flowei ing plant'? 

14. I.' increa-ed uuml.iei ot chloroplasts a-soeiated with polyploidy? 

1. ). Which plant nait' are particularly affeeteil by changes in chromosome numbers? 

Hi. What lelatioii'lnp iui' lieeii thought to exist between geographical occurrence 

and poff-ploidv in plant''' I- this invariably true? 

17. Tell of the iclatioH'hip iietween polyploidy ami vitamin development in corn. 

Is. Are phv'iologn-.-ii feature' of plants geiieially aft'ecte<l by polyploidy? 

i;) How goiieial 1 ' the a"oi iation oi increased fertility with polyploidy? 

20. \\hat 1 ' rile biological value of imiui-itig polyplnidv? Can induced polyploidy be 
expected to be o| e''onolnlc Uipioitaiiee? 

21. How in. IV I'hioino'oine behavior influence fertility in autopolyploids and 
allnpoh-iiloid''’ \\ hv doC' chrorno'ouie behavior dift'ei during meio-i' in the two 
gn.t!' oI oop.'piisid'' 

22. hat 1 ' fl.e Cl .nipai ative rertility of natural and induced polyjiloids? 

2. '1, \\ hat r icroi- woi k |o merca'c fertility in long-e-tablished polvpioids'.' 

21. In general aie the.’'- gnrat differences between natural and induep'i polyploids? 

References 

Bl.xki 'I.i , . a. 1 '■ ( ! \ ptii- Tvpe' in D"t-ira One to ( 'hromosoiiial Interchange and 

Th'a: bc ngiai'liaa! Di-fd 'itw.!,," ./. ID-., Ida 20:177-190 il929i. 

— ■ .fin. '"I. Weeii' iioiii ( il'I ('hi'oiiiO'omes," ./, HnnUtu 25:41-10’' 

lO.'U 

’ lai.iti':'' :: l)'‘ I.)ue to Change' in Chromosome Xumher," .Im. 
Xat .-O'- I'.ij-j 

a:c; ,Iohn Ht li.iV', • ( i.romo'oni.'i MuTatcuis in the .Jims'.m Weed. Datura 
straU'iirt 1 u . J . ff,r, 15:194-206 ■ 1024' 



CHROMOSOME NUMBERS IN DEVELOPMENT OF HERITABLE TRAITS 365 


De Eobertis, E. D. P., W. W. Xomtn.'.ki, and FrancI'.co A. Saez: General Cy- 
tology, Philadelphia and London, W. B. .Saunders Company. 194s. 

Dobzhansky, Theodo.siu.s: Genetics and the Origin of Species. 2nd ed Xew York, 
Columbia University Press. Chapter IV, 94-150. 

Sh-\rp, L. W.: Fundarnentnls of Cytology. Xew A'ork aiul Li.induii, 5[eGra\v-Hill 
Book Company, Ine., 194.3. Chapters XIII. XIV. 193-215. 

: Introduction to Cytology, 3rd ed. Xew York and Lomlon. Mi-Graw-Hill 

Book Company, Inc., 1934. 

SiNNOTT, Edmund W., L. C. Dunn and Th. Dobzhansky: /-’ri/na'/AV,? of Genetics. 4th 
ed. Xew York, McGraw-Hill Book Company. Inc.. 1950, Chapter VIII. 192-197. 

White, M. .1. D.: Animal Cytology nnd Evolution, Cambridae, Enaland, Canibiidge 
University Press. 1945 



chapter 19 


Chromosomal Aberrations— Changes in the 
Structure of Chromosomes 


C'hromo.somt'b aie uenerally reoar Jed as rather eoustant units with 
oene.' arranged in linear order within them ( )ccasionally. however, .spon- 
taneous or injured breaks in the rliromosonies re.sult in derangements of 
the ttenes from their normal position'. Fusions of the broken end.s of the 
fragmeiits generally follow thi* lireak.s and may then result in the loss of 
some genes with the rearrang^'ineiit of others into new alignments. The 
gene content of a chromosome ami the p(.)siti()ns of genes within a chromo- 
some are only relatively permanent, not ahsolutely h.\ed. Break-s in ediromo- 
somos and fusion of the broken ends may result in changes in the chromo- 
some 'trurtiire called l•hr(.^mosomal aberrations. Structural changes in 
chromosome' may be relatively large and are called gross aherration.s. or 
they may be ultramicroscopic wlieu they are refernal to as minute changes or 
aberrations. Structural changes may be c(.)ii!ined to a single chromosome, 
may extend to both members ot a jtair oi homologous chromosomes, or niav 
lUN'olve member' ot two or more pair' ot ii(.>mulog(.ius chromosomes. The 
following summary inihcatc' the terminology of these relationships 
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the centromere, has been mentioned (p. 16). The centromere is also 
important in connection with structural change.s in chromosomes. A 
chromosome normally containing a single centromere is said to be a mono- 
centric chromosome, tvhile a fragment of a chromosome without a centro- 
mere is an acentric fragment. Abnormally, two centromeres may occur in 
a chromosome which is then dicentric. Abnormal chromosomes such as 
acentric and dicentric chromosomes are at a disadvantage during nuclear 
divisions. Acentric fragments of chromosomes often fail to pass to either of 
the poles of a mitotic spindle and are thus soon lost from the nucleus. 
Dicentric chromosomes may become stretched across the divi.sion spindle 
as the two centromeres move toward different poles and thus form the 
chromatid bridge or chromo.some bridge. Such chromosomes tend to break 
irregularly. 

The terms acrocentric, metaccntric, and telocentric refer to the po.sitions 
centromeres may occupy in the chromosomes. These terms have Greek 
derivations: thus, acrocentric from akrofi meaning tip refers to centromeres 
located near the tip.s of chromosomes: metacentric from mela meaning after 
or beyond refers to centromeres farther away or distant from the tips: and 
telocentric from telos meaning end refers to rare cases in which following 
X- ray treatment fragmentation of a chromosome has occurred directly at 
the centromere, lea\'ing a piece of chr(.)mosome with a terminal centromere. 
Acrocentric chromosomes, with the centromere located very near the tip, 
have arms of greatly different lengths. ,\t anapha.se acrocentric chromosomes 
appear hook-shaped or almost rod-shaped. In metacentric chromosomes 
with the centromere located clo.ser to the middle portion, the arms are more 
nearly the same length. INIetacentric chromo.some.s appear as V-shaped 
structures at anaphase. 

Breaks and other structural change.s in a chromosome may always be 
located relative to the centromere. Breaks may occur lietween the centro- 
mere and one end of the chromosome, and the sti’uctural changes may thus 
fie confined to one arm. The term puracnitrie may be applied to breaks and 
structural change.s of this type. The Greek derivative para means beside 
or. in thi.s case, actually to one side of the centromere. The term intrarailial 
or within one arm is also used to designate changes rel^tricted to one arm of a 
chromosome. Breaks may occur on both sides of the centromere, and the 
re.•^ulting structural changes then will involve both chromosomal arras. 
Break.■^ and structural change.' of this nature are called pericentric changes. 
The Greek word pin means around, and pericentric means around the 
centromere. Structural change.' involving both arms of a chromosome are 
also called interradial changes. 

Kinds of Structural Changes in Chromosomes 

BREAKS IX CHR(_)lMuSb)l\IE.S. Frapmt ntation . Breaks in chromo- 
somes may occur spontaneously in nature. They can be artificially induced 
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by radiation of various types such as X-ray and atomic radiation and also 
by certain chemical treatments. Spontaneous or induced breaks are basic 
to structural changes in chromosomes. Usually breaks are followed by 
fusions of broken ends of either the same or different chromosomes. When 
breaks are not repaired by fusions, the broken chromosome remains broken 
into two or more large or small pieces which may be called fragments. Be- 
cause a centromere is essential for the continued existence of a chromosome, 
perhaps only pieces of chromosomes lacking a centromere should be de- 
signated as fragments. C'hromusomes suffering loss of parts through break- 
age but still containing a centromere should be designated as deficient 
chromosomes regardless of their size. Though a single break in a chromo- 
some might lead to the hxss of a terminal piece or segment of a chromosome, 
this type of fragment is seldom found. Breaks directly involving the centro- 
mere are also rare. 

STRUCTURAL CHAXGES IX CHROMOSOMES. Structural changes 
or chromosomal aberrations are of several kinds. There may be losses of 
parts of a chromosome or gains of some parts from another chromosome. 
The changes may be entirely within a single chromosome or they may in- 
voh’c two or more chromosomes. Change^ occurring within a single chromo- 
sonii may be called transpositions. .-Vmong transpositions are inversions, in 
wliich till' genes necur in nwerse order, and shifts, which consist of segments 
moN’t'd or shitted troin tlieir normal position to a new location in the same 
chromosome These ai'e rathm' simple structural changes. In more complex 
structural change.-, pieces or segments may be exchanged between two 
different chromosome-. Structural changes of this type are translocations. 

CHRD-MOSdML FRAGMEN'TS. DELETIGxk AXD DEFKTEX- 
CIES. I ragmentation tollowing from two breaks anywhere between the 
ends ol a cliromo-ome may release an intercalary segment, that is, a piece 
trom betwetui the ends ( I ig i.iti. Segments released in this way from the 
main body ol the chromosome may retain their rod shape, or they may as- 
-ume a ring -hape u the liroken end> come into contact and fuse. This 
-trucriiic may <ir may not contain the centromere. If a centromere is 
pre-ent in the piece, it can [la-- tlirough succeeding nuclear divisions and 
'iu\’i\'e a- a -mall but deffcieiit l•hromo-ume, If no ceiittajinere is present in 
the brokeii-out [ucce. it i- -aid t(p be a di leti /t frajmt nf. or a thhiion. which 
i- soon lo.'t in the niichaii ilit'isions. A chromosome which has suffered the 
!o'.' ot a Iragnier.i Siei’orne- a d, nci,)it i-hromosome. that is, it is deficient for 
a -egment and it- block ot contaiued genes. Deletions may be large and 
iii'.oU e microscopically vi-ible .-egments. while others are ultramicroscopic. 
The importance ot any lo-s is that the chromosome become.- deficient for a 
certain number ol aene.-. 

( 'iToLooii M, I-.FtniT- OF DriLETiir.x-. In the meiotic prophase of a 
dtht’or. .-ee below-, chromosome pairing proceeds normally 

at parts of the chromosome-. In the region of the deletion where a string of 
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I Break 2 Breaks' In one Chromosome 



Fig. 154 Clay Models Ii.i.u.strating Breaks, Fragmentation and Deletion 

IN C'HKuMU>nML^. 

C. oiie ul the po<?il)le iF'5uIt> «>f two breaks. In tins ra>e there are a niig-shapeii 
or “doughriut" ehromnSdnie and two rnd-shapetl Since there norrnailv 

only one eentromeie, of tlie-ie i oi!-sh:il>eil [lir-eps one may contain the centroineie 
anil the other lejiie.-etit an acentric fiajrmcnt. I). a pair of lionioloaou.-; chi omo~oi!ie> 
L) anil E represent a po^.■sll)le method of forniinsi a deletion or the loss ot an interca- 
lary segment from a chromosome. F. conjuiiation of a iiurnial chromosome and its 
aberrant homolociie. The latter Ini' suffered an inten-alaiy deletKiii and is dehcient. 
Since pairina: is between allelic genes, the normal chioiui I'l .me form' a loop in the 
legion corresponding to the deleted region in the aberrant deficieut chrumosoine. 
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genes is lacking in the rebuilt chromosome, the corresponding segment in 
the normal intact chromosome has nothing with which to pair. The section 
of the normal chromosome opposite the deleted segment is then pushed out 
into a loop (Fig. 154), the size of which depends upon the .size of the deleted 
segment in the rebuilt chromosome. Deficiencies tend to reduce the amount 
of crossing over in deficiency heterozygotes. 

Genetic and Phencjtypic Effects of Deletions and Deficiencies. 
Because of the loss of genes, perhaps the most significant effect of deficiencies 
is their lethality. This lethal effect is evident in organisms which have be- 
come homozygous for the deficiency. Usually the segment is lost from only 
one member of a pair of homologous chromosomes in an organism, which 
then is a tlrjicicHcij hckrozi/yotc. Among the progenies of such an organism, 
however, it is po'.sible that individuals may occur in which the two members 
of a pair of homologous chromosomes both have the deficiency. Organisms 
which are thu.-^ homozygous for a deficiency are called dcficitnaj honiozygotes 
and they seldom survive. The lethal effects of deficiencies also manifest 
thcinseh’es in the haploid gametophytes of plants, especially in the niicro- 
'porcs, pollen, and pollen tubes. Although generally the female gameto- 
phytC' are injured by deficiencies, some of them seem to be able to survive 
and function. 

.Vpparently in rare cu'es very small .segments of chromosomes may be 
absent without causing the death of the homozygous organism. Drosophila 
furnishes an example of an organism which may lose one entire chromosome 
and still be idable. The mostly inert Y ehromosome may be lacking in the 
male Drosophila without causing death. In the haplo-I\’ Drosophila, one 
small t\' I’hromosome may be lacking and the fly still be viable. Possibly 
sometimes, as in the ease of nullisomics ipp 335- 33(1). the organisms persist 
only ii they are polyploids .\nother possil)iljty idi- viability might be the 
reju'c'Ciitat ion of the lost genes as dupheations in other loci (pp 379-3SO’. 
Fieti in the heterozygous state, the loss of large segments from a ehronio- 
siinie may often result in death 

The loss nf a very small segimuit of a chromosome by deletion behai'ps 
like a Mendeiian unit in inheritaiu-e. While this deficiency in the homozygous 
condition ma>' b(' iethal. it may persist in the heterozygous state. The 
deticieiicv hetenizygote ciMsspd with a normal gives a 1 : 1 ratio exactly as is 
foiiml in the ca'c ui mutanr genes. Thus very small detiideucies might be 
mistaken loi gene inutatioiis. The variation known as ” notch" in the 
Drosophila is assoriaii-d with this type of deficiency. It is generally recog- 
nized that s(jme lethal mutations in the Drosophila hai'e been due to small 

(leticiencios 

It !' the genes which remain and not the deleted ones that condition the 
visible iiheiiuryp!'- ertt rts Ui a viable organism hearing a defiriency. M ith 
weU-.siio-.vn adeiic gt-nes. where the dominant aiiele is eliminated by the 
deletion, the rece.ssive gene remains in the deneiency heterozygote and ex- 
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presses itself. This condition is similar to the hemizygous state noted in 
males carrying recessive genes in their single X chromosome and has been 
called pseudodominance. 

In the case of genes vith an additive effect, if one of the pair -were deleted, 
the effect of the remaining gene would be le.s.s than if both had been present, 
(loldschmidt suggested that in some cases the effects of genes is propor- 
tional to their ciuantity. If a gene conditions a chemical reaction such as 
oxidation to form a pigment, there would be less oxidation and hence less 
pigment with one than two of these genes. If a recessive-mutant gene 
manifested itself plienotypically by a reduction in color as eosin eye in the 
Drosophila, a deletion of one .such mutant gene would produce a lighter 
eosin eye, which would then be further from the normal than a normal 
homozygous eosin fly. The deletion would actually tend to increase the 
action of the mutant gene, that is, a further refluction in color away from 
normal. In the case of mutant genes having a retarding or an inhibiting 
effect on some development, two genes might cause more disturbance than a 
single one, and a deletion by removing one gene might re>ult in a more nearly 
normal action of the remaining allele in the deficiency heterozygote than in 
the normal hoinozygote. 

TRAXSPOSnTuX. I nvtr^ionx. Two breaks in a >ingle chromosome, 
subseciuent rotation of the separated section through ISO degree.s, and fusion 
of the broken ends result in an inversion, that is, an inversion of position 
(Fig. 1,55). Inversions are generally if not exclusively intercalary, that is, 
they do not involve the extreme chromosome ends. There i^ no loss of 
chromatin nor deficiency of genes in simple inversion. The genes are all 
present, but they are in changed positions relative to the accepted normal. 

The breaks in connection with an inveiAion may be confined to one arm 
of the chromosome, that is, they may be intraradial or homohrachial or one 
of them may be in each arm of the chromosome and involve the centro- 
mere: in this case they are interradial or hffn'ohrachial. The presence of one 
inversion in a chrorausume does not preclude the occurrence of anothei- or 
even of several inc'civions or other 'tructural changes in the same chromo- 
some. The .succeeding inver'ions may be entirely independent, that is. in 
different parts oi the chromosome, or they may occur within the same region 
ot the chromosome. If two or more inversions occur in the same reaion. they 
may partly o^■erlap. cir a .small inversion may occur entirely within a larger 
one. In the Drosophila the presence of inversions, like deletions, may be 
microscopicallv obsciA'ed in the giant salivarv chromosomes, where the 
disl ocation of the bands in an inverted segment may be detei'ted. 

Cytologic AL Effects of Inversions Inversions manifest their 
presence cytologically by sUch mciotic irregularities as loop' in the chromo- 
somes during the prophase or in the appeaiance of chromatin bridges and 
fragmented chromosome' in later division stages Although other factors 
may abo infiuence the rate of i-rossing over, a delinite reduction in the cro,"- 
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over value is one indication of the presence of an inversion. In organism.s 
heterozygou.s for an inversion, crossing o\'er near the region of the aberra- 
tion may give rise to a dicentric chronaosome. During the succeeding ana- 
phase, as the two centromeres approach the opposite spindle poles, the 
chromosome is stretched between them and forms a chromatin bridge 
(chromosome or chromatid). Finally this bridge may break with ensuing 



INVERSION 

FlO lo.l. uF IHL UF AX INTER( ALARY SeG.MEXT Ol .Y 

Paiiinu in incintic coiitigui:iti<m af iuHor light. 


-Tiiii'Tiifal c’tuiimC' in the clircjino'ome. It lia.s iieeii .■'hown that a chromatin 
bridge may be the beginning (>t a 'Crie-: nr d(‘rtciencies. duplications, and 
redupln ariiiii', '.\hi' li are then extended through the entire mitotic cycle of 
the gaincfophytes of plant.' and even to the mitoses of the endosperm of 
the 'ced. 

'i'uF. ( ihM.in KttEi 1' OF Ixvi.U'io.N. ( irgaai'ins may be heterozygous 
on ii'i imei'ii.n, oi' rhev may beeonie hi nm 'zygoU' lor the 'tnietural change. 
I hO' tliri. 'ire heterozygotf' and int'er'ioii honio/ygotes. The 



chromosomal ABERRATIOXS CHANGES IN CHROMOSOMES 


373 


principal genetic effect of inversions is their tendency to cause a reduction in 
the amount of crossing over. Pairing between the two homologue.' con- 
cerned in an inversion heterozygote can only be accomplished if chromo- 
somes form loops at the inversion point (Fig. 155). In inversion homozygotes 
where there is no interference with the conjugation process, pairing and 
crossing over proceed at the normal rate. Other genetic effects of the presence 
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TRANSPOSITIONS 

Fig. !,5H. Di.^gram of Traxspomtions or Changes of Position of Segment.-; 

IN A Single Chromo'-omf. 

of inversions have been observed. Anderson reports that long inversions 
cause considerable pollen and ovule sterility in maize. 

TRAXSPiJSITIdXS. Shifts. Another type of transposition is the 
'liift which requires a minimum of three breaks in a .single chn.imusome. with 
the minimum formation of four pieces, two intercalary segments and two 
end pieces. If any intercalary segment changes place with any other inter- 
calary segment, the re.-ulting structural change is called a shift i Fig. lotP 
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The shifted segment may or may not be inverted in its new position. Shifts 
may be confined to one arm of the chromosome in which case they are said 
to be intraradial or homobrachial, or they may involve both arms of the 
chromosome and then are interradial or heterobrachial. 

Cytological and Genetic Effects of Shifts. Although the shift is 
a relati\'ely simple aberration, it interferes with the normal pairing of 
chrumo.somes at synapsis because of the changed position of a certain block 
of genes. Normal cro.ssing over is also reduced in the region of the shift. 
Sim-e all of the genes of the rebuilt chromosome are present when a shift has 
occurred, little phenotypic effect results. There is a certain amount of 
abnormal cro.ssing over in organisms heterozygous for a shift. 

TRAX.'sL(JtkVTI( )XS. Surely the most complex and perhaps the most 
important of all structural changes in chromosomes are those in which a 
deleted .'egment is moved from its normal position in one chromosome to a 
new location in a different chromosome. Exchanges of this type are called 
translocations (fig lot and IbS). Translocation.s require a greater number 
ot simultaneous l)reaks than simple tleletions or inversions. '\\'hen trans- 
locations involve two members of a pair of homologous chromosomes, they 
are caller! allelosonuil translocations. Iraternal interclianges, or interchanges 
betwi'cn homologous ■•hroinosumes. ^\'hen the interchange.s involve non- 
homoli.igous chromosomes, they are called external interchanges or heteroso- 
mal translocations. In translocations there may he an exchange or inter- 
change of segments of approximately equal or uneiiual lengths. That is. if a 
chromosome lo-es a segment to another chromosonie. it may also receive a 
segment ot similar bur not necessarily ot identii’al .size. Interchange of seg- 
ment' between chromoseme- I'onsritute,' a mutual nr reciprocal tramsloca- 
tion Besides the reciprocal translocation in which jiieces or .segments of 
chromosomes ,ire exclianaed, a iloiibtfui type called a "simple" tran.slocatioii 
lui' been pii'tulated In the simple translocation a segment is detached 
iroiii one chromosome and tfansierivd to another chromosome without 
reciprocafii 111 ei the latter It i- snsp,.|-ted that translocations described as 
simple ',\eie m n-e t leciprocal but rlmt one of the translocated segments 
',vas ■,-erv sina,: 1 lie occurrence or stii! another rare type of aberration, the 
lateia! rian-ioi .ition. ha- iieeii noted In a lateral translocation the trans- 
loeateil scameiir i- aitach.ed to the -ide of tht- receiving chromo'ome. 
tijrming a -ort ot i'ranched chroniosornal structure 

Schemes tor de-iaiiainm the chromosome' int’ohed in translocations 
have been propose,! T'or example, in maize where the IM pairs of chromo- 
somes ale numiieied m tiie mder of their -me from 1. the largest, to 10. the 
sma.iest. tian-ioearioii may be designated T2-.s or Tl-'.) indicating that a 
rransni.-ario!, occe,rivd oerv.-ecn ehromo-omcs 2 and S or betweti 

cliromos, imi’s 1 ami re'pecrix'ely. .'sometimes subietter.s indicate the genes 
invoived. 
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I'lG. 157. Clay Models of TraXsLOi. ation or ihl Ex< haxgl of Segmlxts 

BETWEEN 5IeMBLF.s OF Twi i PaIRs OF C'hUo.M( Wi )MES. 

-1 'hows two pairs of hniaolirnoU'^ with neiif;. B. C. anil 1) iilu.'- 

tratp t!io rfs-ipi'ncai ti an~lucatiuii between members ot ihe two paii.' of rliioiiiioome.s. 
Xote arrow at L). 
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CHROMOSOMAL ABERRATIONS CHANGES IN CHROMOSOMES 


377 


The Nature of Translocations. In early studies of translocations, 
their formation was referred to as illegitimate crossing over. This term, 
currently not in common use, emphasized some of the similarities between 
translocation and crossing over. The principal resemblance is in the breakage 
of chromosomes and the fusion of the broken ends with an exchange of 
pieces of the chromosomes. Another similarity is the occurrence of both 
reciprocal translocations and crossing over between chromatids. There are 
important differences between crossing over and translocations. Crossing over 
takes place naturally by a normal and regular exchange of similar-sized 
pieces of the chromatids derived from homologous chromosomes. From 
known behavior the amount of crossing over may be predicted in most 
instances. The breaks necessary for the crossing over of segments occur at 
identical loci in the chromatids, giving rise to new alignments and new 
combinations of genes in the chromosome. Since cro.ssing over is restricted 
to homologous chromosomes, no new genes are introduced into the linkage 
group. While interchanges of segments may occur between homologous 
chromosomes as in allelosomal translocation, the typical translocation is a 
reciprocal exchange of segments between nonhomoloyous chromosomes, 
heterosomal translocation. In the latter way genes from the outside are in- 
troduced into a linkage group. Another dissimilarity is that translocations 
are never predictable, because they occur irregularly and follow no set rules. 
-■Vs contrasted with crossing over, even in reciprocal translocations, the 
exchanged segments ma}' not be of equal size and may e\'en dift’er markedly. 
While crossing over normally rarely disturbs the relative position of the 
centromere, reciprocal translocations may include the centromere in one 
segment and leave it out in another. 

Cytulogk'.^l Effect.s of Transloc.xtions. Translocated segments 
may be found in a single member of a pair of homologous chromosomes with 
the other member normal. This con.'.titutes a translocation hetcrozygote. 
In the translocation heterozygote the interchanged segment introduces a 
block of new genes into the >y.'tem. which are not allelic with tho>e occupy- 
ing corresponding positions in the normal chromosome. Introduction of non- 
allelic genes into a linkage group will tend to interfere with linkage and 
cl■o'^ing over in the group. Disturbance of conjugation in the chromo>ome 
pair in\'olved in the translocation leads to unusual chromosome coiitigura- 
tions or cytological abnormalities and genetic eti'ects. 

If reciprocal translocation has occurred between the members of chromo- 
some pair 1 and chromosome pair 2. the new or interchanged chromosome.' 
would consi.st in one case of a part of chromosome 1 attached to a piece of 
chromosome 2 and in the other case of a part of idiromosome 2 attached to 
the reciprocal segment from chromosome 1. In a plant heterozygous for thi' 
reciprocal translocation, there would be a normal number 1 chromosome, a 
normal number 2 chromosome, and in addition the two interchange chromo- 
somes. The presence of interchanged segments in the chromosomes of a 
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translocation heterozygote interferes with normal side by side pairing of 
genes of homologous chromosomes. In a structural hybrid of this nature, 
the rebuilt or interchange chromosome 1-2 would pair with the normal num- 
ber 1 chromosome up to the point of the interchange segment from chromo- 
some 2, and part 2 of this interchange chromosome would pair with the 
corresponding part of the normal chromosome 2. In the same way the other 
interchange chromosome, 2-1, would be e.xpected to synapse with the normal 
chromosome 2 to the point of interchange, and from there the interchanged 
portion from chromosome 1 would pair with the normal chromosome 1. 
For complete pairing of allelic genes then, four chromosomes instead of the 
normal two must be involved in one chromosomal configuration. This con- 
tiguration of four chromosomes, two normal and two interchanged, taking 
the form of a cro^s at synapsis is characteristic of translocation heterozy- 
gotes (Fig. l.)S and HiOi. .Vs meiosi^ progre.s.ses the chromosomes forming 
the cross opim up to form a ring or chain of chromosomes attached at their 
ends. C’haractt'ristic ring or chain contigurations have been found in the 
later prophase and early metaphase of the first meiotic division in Oenothera. 
Datura, maize, and other organisms. Besides the ring and chain configura- 
tions, occa'ionally acentric iragnicnt' and dicentric chromosomes may arise 
as structural abnormalitic' following ti-an.slocations. 

Ill some case- both member' of the pair of homologous chromosomes may 
have similar transiocati'd 'Ptiment', constiTuting a translocation homozy- 
gote. Because of the pre.'cnce of the interchanged segment in both of the 
nt's\' or rebuilt chi’oinosomc'. the introilnced genes are allelic, and the inter- 
change chroino'ome.s are lioiuob.igous throughout their length, kleiosis in a 
translocation lionio/ygote may proceed regularly with no evidence of cyto- 
logical abnormalitie' in coiitra't with the condition in the translocation 
heterozygote dc'cnbed above 

1 hi; ( ii.M.Tic \ND Pui.soTYi’ic FiTT-.( I's OF Tk.y.n'.sloc.ytions. Reduced 
\'iability and tertility are the principle effects of translocations in Dro.^ophila. 
\ lability mac' be as low a' 1.) per cent with the surviving flies often weak, 
o! almormal appearance, and low fertility. INlany homozvgous translocations 
are lethal in the irmt Hy, In Dm^npinla traii'locations have caused pheno- 
typic etiect' 'Uch as slight moditicatioiis of eye and body colons. .Apparently 
phenotypic ellect.' are more marked m traii'location homozvgotes than in 
heterozygote' which more nearly approach normalitv in these respects, 
and even they are fretjuently subnormal in some way. 

.V tew phenotypic variation' in plant' have been interpreted as the re- 
sult' of iraii'locanon.' Robeit' made a careful 'tudy of bf induced trans- 
locations iii\ i.ilving 8 oi the B) pairs of chroni'i'omes in an inbred line of 
maize. By 'tati'm-.i. 'tudy oi heitjhrs of piants. diameter of stalks, length of 
.eaves, 'wiilth oi icavc'. rnarunty ot 'hk', and maturity of pollen, relatively 
'light out 'igniiicant diirerencc' were lound b'etweeii the pure inbred line 
of plants and the h'jmozyguus and heterozygous translocation progenies 
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The general conclusion, hoivever, was that “no conspicuous phenotypic 
changes could be detected in any of the translocation progenies.” This is in 
accord with Blakeslee’s data on the phenotypic effects of segmental inter- 
changes in the chromosomes of Datura. In more than 90 strains or “prime 
types” homozygous for segmental interchanges, the large majority showed 
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DUPLICATIONS AND REPEATS 
Fig. l.ifl. n!.\r.RA:M nr Dt plu ctidX' .\xd Repevt^ in CHROMO^iOMris. 

no deviation from the normal appearance In only a tew ca'cs were the prime 
type' abnormal. Some of the traii'locaTions in Datura oh.'crt’ed bv B!ake.slee 
and hi' a.s.?oi‘iate' did lead to tlie production oi ri'cognizablc jihenotvpic form.'. 

DL PLICATTOXS. Many iudividuai,■^ and even race^ ha\ e been found 
V ith large or small piece' or .'egment.' oi chromosome,' ci intaining extra block' 
of genes which duplicate those normally {iresent The oecurrence of additional 
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segments with their blocks of genes is assumed to have resulted from struc- 
tural chromosomal changes such as translocations between homologous 
chromosomes. These additional segments are called duplications. Their 
important feature is that a certain number of genes or a block of genes is 
reduplicated or repeated in the organism so that it has additional genes over 
its normal number (Fig. 1.59). Duplications that are very small segments 
containing only one or a very few genes that frequently may be reduplicated 
have been called I'epcats. 



1 in. bio. t'HK(lM(.).^oME CoNITGL'RATIoN> I.V OEXOTHER.A. 

At lett, a nil'.; i>i tour rhreinii^{]mpi and five pairs of bivalents in nucleus of a 
micr. i~[ior(icytc Xui-li'iilii' <liiiwn as dark body m lower pait of .sporocyte. At right, 
a run; oi .-ix rliroirm^uine- and loui paiM or bivrdeiits. Nucleolus shown as dark body 
in Ul’pcl pal t ol -potocyTe 

I fii: ( YTiii,(n;tc.\L Ffit.i T' dk nri'Li< ATi(.).\.s The cytological effects 
of duplication^ are not -o pronouiii'Cil a- tho'e of some other chromosomal 
aberration'. >ome duplication' or repeat' such as those conditioning bar 
eye in /tro.oipAdo ai'e ob'ervrdile microscajpii-ally. They show up as repeated 
baud' in the salivary chnimosonie but 'eem to cause little disturbance in 
the chromo'i itne behavior (trgani'ms heterozygous for larger duplications, 
if they are wablc, may 'how abnormal chromosome pairing at synapsis, 
.'ince rhere will be no loci with which the duplicated portion can pair, and 
the diipiication 'eimienr will be pu'hed out in looj) formatii.iu. nuphcaTioii' 
may be heiern/yaou' with certain ueues pre.'ent in triplicate or homozvgous 
w ith cerraiii aoric' pii-'ent ui quadruplicate ( ireater cytological disturbance' 
occur in the germ cell' of orgaui'm' heterozygoU' for duplication than in 
duplicatioii liomo/vgotc' where the meiotie processes mav proceed in a 
norma! niai.nei 

I HE < tEVETH ..XD Piit.xi iTYi'ii Effei T' OF DrPLir.vnoxs. The pheno- 
txpic c.'ei t o’, rh>' chai acteri'tic' of the organism depend' in a large degree 
on the 'pf, .Hr ,icT!.);.s aiid iiiterai-tion.' of the (luplicated genes Thus if the 
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action of the genes is additive, as the }' gene in yellow endosperm of com or 
the R gene in red color of wheat grains, a duplication might tend pheno- 
typically to intensify the characteristic. Should the duplicated gene or 
genes have a retarding or inhibiting effect on the development of a character, 
reduplication of these genes might increase the retarding effect. 

IMany phenotypic effects besides bar eye are produced by duplications. 
Numerous variations in the wing, eye, and other characters of Drosophila 
are conditioned by duplications. Large duplications as well as large de- 
ficiencies tend to have Idhal efftcts. Lethality in the case of either deficiencies 
or duplications may be the result of disturbing long-established genetic 
balances dependent upon a normal number of genes in an organism. De- 
creasing the number of genes in an organism through deletion or increasing 
them through duplication abruptly disturbs the genic balance normally 
existing. Organisms subjected to these disturbing influences may die pre- 
maturely. Cytological studies indicate that many supposedly true diploid 
organisms have in fact a number of small duplications, In some cases the 
salivary chromosomes of Drosophila have revealed small duplications in- 
volving a few hands, The.se duplication^ have apparently been loiig-e.stab- 
lished, and their effects if any ha\-e been regarded as normal. 

Structural Hybrids 

The term hybriil applied to an organism indicates that it has been deri\-ed 
from two parents which differ genetically. In general, the term hi/hrul is 
used to designate organisms heterozygous for one or more pairs of Mendelian 
units or genes. A hybrid then in this strict .seiist' is a Mendelian hybrid. 
When two species are crossed, the offspring i.> a .'pecie.^ hybrid. Likewise, 
the offspring of individuals from two genera is a generic hybrid Perhaps, 
unfortunately, the term hybrid has been extended to cover ^till other .-situa- 
tions, An organism which ari.se> from the union of two gamete-^ differing 
in chromosome numbers, as from heteroploid organism', is designated as a 
numerical hybrid. Chromosome aberrations lead to the production of organ- 
isms which are heterozygous for chromosome changes. That is. the hetero- 
zygotes have one normal chromosome and one structurally changed chromo- 
some. There may be iiu'er.sion heterozygotes, deficiency heterozygutes, or 
translocation heterozygotes To these kinds (jf heterozygoti's. the term 
structural hybrid has been applied actually it is a chromo'ome >tructural 
hybrid. Structural hybrids may have large or extremely minute changes, 
and the changes may be few or very numerous. The term nndcjinid structural 
hyhrul has been used to designate one in which the exact nature of the 
structural changes has not been determined. 

Position Effect of Genes 

Chromo.some aberrations .such as inversions, translocations, and duplica- 
tions cause changes in the linear order of genes. These rearrangements bring 
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some of the genes into new locations and into contact with a new set of 
neighboring genes. Observation of the phenotypic effects of these changed 
genes has led to the idea that the behavior of a gene is determined not only 
by its own properties but l)y those of all the genes in the genotype and 
especially by its near neighbors. This changed behavior called position 
effect has not been otiserved in many organisms, but its existence appears 
to be well-established in the fruit fly. Drosophila mtlanogaster. The phe- 
nomenon was first discovered by Sturtevant in 192.5. 

In Drosophila certain individuals have been found in which the eye has 
changed from the normal round eye to a narrow vertical bar. This variation, 
called bar eye or barred eye. has a reduced number of facets. The germinal 
modification conditioning bar is located in the region of 57.0 in the X chromo- 
some and is iiihei'ited as a dominant. Bar eye is conditioned by the duplica- 
tion of a very small segment. When the <-hromosonie is normal, the gene or 
genes in this region condition the normal wild-type round eye. Individuals 
which have a .'iinall duplication of the segment in their chromosomes develop 
the barred-eye charai'ter. 'I’his structural abnormality may exist as a hetero- 
zygous duplication, with one X chromosome normal and in the case of 
females the otlu'r X carrying the duplication, or there may be homozygous 
duplications uith both X l■lu■cuu(Jsome.s in the female carrying the duplica- 
tion. In malc-s. with only one X, it is alway.s hemizygous. 

Sturttwant tound tliat 'ometime.- an exchange of unequal-sized seg- 
ments occurred in the region of the liar locus during cro.ssing over. This 
abnormal rramter re-ultiMl in a complete transfer of the bar duplication 
from one chroino'ome tci another. 'I’hus the duplicated bar region was re- 
duplicated in one X chronio-ome. and the other X chromosome was left 
without that -^mall segment By breeding flies with this reduplication, he 
found that the prc-eiice or two bar regions. Ix.ith located in one chromosome, 
exerteil more influence on the rci.luction of size of the bar eye than the 
presence of t\vii -ingii'-bai' duplications each in one of the homologous 
chromo-oiue- -iii'h a- oc<-nr in tlie homozygous bar flies. With two bar 
segments locatcil in sniiueiice in uric X chromosome, about 45 facets were 
dtwelopcd in the bar eye. but in the case of the ordinary homozygous bar 
flics, where each oi till- two bar duplication' was in one of the two homo- 
logous X cliiomi I'oinc'. (is lacet' w'ere developed in the bar eve The etlect 
ot the genes in the bar segmeiit' on the number of facrU' iii the eye was 
intlueneed by the relati'.e [(ositioii' in the chromosome. The influence ot 
loc.ition was crdled position effect. 

Besides tie' ca'C ot bar eye ill Dm.^iiphila. several other instances of 
position etteer ha\s- been repiirteil in the fruit fly. .\mong these may be 
mentioned tie- genes , oniiiTioning < -e.,//;- ' nri rru ptu.--, a vein niodifieatioii in 
the wing, iiiiii i'enghesi. ,1 moiiitieanon d the eve siiitace. t he scute series 
of rnuitipie aileli-s ,irie.-tn.g the bnstie' on the Ijody hat e also shown position 
etfcet 
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In plants this phenomenon has been obser\'ed in a series of multiple 
alleles affecting pigmentation in the flower buds of the evening primrose, 
Oenothera. Phenotypic effects attributed to changed positions of genes in 
the chromosomes have also been noted in the leaf characters of the Jimson 
weed or Datura, in the endosperm of maize, and in fertility in vetch, Vicia. 
Investigations of this topic m plants have been limited in number, and 
according to some critics, those reported are not absolutely free from alter- 
native interpretations, 

THE POSSIBLE NATURE OF POSITION EFFECT, Goldschmidt 
has raised the question of the existence of the gene as an actual entity. 
Without committing himself definitely to the proposition, he suggests the 
possibility of explaining all the effects of the gene on the basis of the position 
of the material in the chromosomes. This suggestion, however, has not met 
with general acceptance among geneticists. 

The influence of position effect is thought to depend on the exact point 
of attachment of the disturbed segment in the rebuilt chromosome and upon 
the nature and quality of the genes near the rearrangement. Muller sug- 
gested that possibly position effect is an expression of the same forces which 
cause the close association of the members of a pair of homologous chromo- 
somes. Such forces acting between unlike genes might tend to deform them, 
and then the deformation might affect the nature and (juantity of the prod- 
ucts of the genes concerned. 

Genes may be pictured as organic molecules united with each other in 
the longitudinal direction to form micellae, after the la.'hion of the cellulose 
micellae. Breakage of such a micella and the formation of a new micella may 
invoh-e modifications of the intergenic bonds which may or may not be 
reversible. 


The Nature of Structural Changes in Chromosomes 

Twd idea< liavo been current renardiuir the hreakirisr and fusion of chnmiosoines 
leading to structural changes ( bie of the-<c i^ the roidnct hi/jiothf according to 
which the chiumo'ouies come in contact and adheie. Then, at some point of contact, 
the chromosomes lueak and tii-e 'iiiiult.uicouslv, clKUi>tiiia: the chromosome struc- 
ture. The other is the hn nkapi Jiiipotingis which a.ssiniies that the chromosomes 
are fiist hroken. Followinsi hic.-ikaite theie are .-.everal [xissihilities. The liroken 
cliromosomes mav lemain as iiagmciits, or the hioken ends may reunite to restore 
the original chiomo'ome 'tructure: they may hi.se with other hroken ends of the 
same or other chromosomes. While ]>o-itive j>roof foi either i' lacking, the breakage 
first hypothesis ajipeais to have most siqiiiort among cytologists. 

To learn about the nature and caii'e^ of the break' in the cliiomosomes, biologists 
have suhjecteil the celh ol hviim ori;am'm> to changes in temiierature ami exposed 
them to chemicals and to ultraviolet lays, X laV'. radium emanations, fast neutrons, 
and even to cosmic ravs. While all oi tlie^e have yielded le-ults of one kind or an- 
other. the X rav has been veiv urodiictive of iiidm ed chronio.'oine changes. Fast 
neutrons also have been found to lie effective m pioducing chromosomal aberrations. 
The terms xi. x-:. etc., and K;, R;. et'-.. aie u.-ed to indicate the first, second, and 
succeeding generations following X- ray and radium treatiiieiits, respectively. 
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X-RAY HITS, BREAKS, AXD FUSIOXS IX CHR0AI0S0:MES. In radia- 
tion work it is generally a.ssumed that a direct X-ray hit will cause a break in a 
chromosome. Thirs hits and breaks have come to be used almost synonymously in 
the literature. The simpler aberrations that require fewer breaks naturally follow 
the lighter X-ray treatments, and the more complex structural changes in chromo- 
somes result from the heavier dosages. The latter are dependent upon more numerous 
breaks and thus require a greater amount of X-ray treatment. 

.Single X-ray hits causing single breaks may result in the following aberration^ 
in chromosome'! a Iragment and a terminal deficiency or possibly a small deletion 
invoh’ing a single gene or very few genes. Two X-ray hits confined to a single chromo- 
some and causing two distinct breaks may result in an intercalary deletion or an 
invei'ioii. Two X-ray hits causing breaks in different chromosomes may result in 
translocations or interchange' (Fig. 157 and 15S). It is fairly well established that the 
freiiLiency of all types ol chromosomal aberrations like fragments, small deficiencies, 
and otheis i' in proportion to the X-ray dosage measured in r units. The occurrence 
of suiviviiig 'tructural changes is in proportion to a little less than the square of the 
X-ray dosage. 

It is geneiaily thougld that a wide range of structural changes results from racha- 
tiou tieatments. Peihajis some of them aie minor breaks in the irradiated chromo- 
'onics that aie quickly rejiaired by jmoiupt lejoiiiiug and fusion of the broken ends. 
If the itijunsl cdiiomosoiuc is lestored to its original structure, the change is never 
observed. In othei cases bic.-ikagc may be so extensive and the structural changes so 
radical in the iriadiati'd chioiiiosoiue that death of the cell result.s. These also are 
.seldom noted. It i' 'U'pected that the observed chromosoiiia! aberrations are but a 
few oi all tho'P that may occul' tollowing radiation treatments. Recognized aberra- 
tions arc the 'Uivivoi-' between the two extremes of injury. 


Questions and Problems 


s. 
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10. 
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Id. 

14. 
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Coiitiast tile meaning oi the term' aiul kari/ot^/pe 

Y hat aic chroiiio'i 'iiial abci lation'? 

W h.it I lo \'iiu undci'taiid bv rhe teim rf ronni-ionit breaki Mav idiromosome 
brc.'ik' lie induced'’ 

Yli', iloc- lui'ic II agincntatioii geiietally tail to increase the number of chromo- 
'oiiic- III a Ii I li g.ilii'm ■’ 

W hat ^ ' i! ic.i 11 1 b\ t uc t cl 111 * r.'/cc as appliec 1 to a cln (anii isonie 

Ibo' li'ic- all ini'ci'iiiii jiioba'ilv occur'? How many breaks in the chromosome 

aic th' liigbr r. . i .c u. vi .c. cd'’ 

Di'lingiii''! iict.\c(.t. a ti a lispo'it loll and a traiishication. 

Y hat .i:c rcciiio...; ti aii'loi-atioii- How do they occur? 

1 b'nngn;..'; oorv, i.ci. the m i lo^-img over and leciprocal tiaiislocations. 

Y 1 'it - tl.c li.po! taut icatuic o’ a 'iiiphcatlon? 

Di'Ti’agu Oi.f.'ia-'i rilc coiifai-r l vpothc'i' and the bicakage fii't li vpotlicsls 
a' .ii'M'C'i To s n: or;., —1 im u atie: > .irinn- 

rht icogi.izcl ..aii'C' o; ci uitiibuting factor' in the pioductioii 

ot 'll. lof i:..'o;,- a ooj ration^ 

Y l,..r ..If., ,.ci .c ' umiil.ttc.i to nnheate genetic roiitn 


Yd.at - .1 'r 
n iT.i:. ’ h g. 
Y'!' It ri • 


oi o! spontaneous 

■■ A:c 't; 'icrni.ii cvruni' ai; of the 'amc sjsecific 
■ 'Tiucr-o.t. nvr.o.ii m.tnite'T rhemseives ' vtologicallv? 
' I ; f.'.c .iriTioinia. rneiotir behavior of the l•hIomo'omPs 
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16. What is the reason for the difference in the meiotic behavior of an aberration 
heterozygote and an aberration homozygote? 

17. What is the most usual phenotypic effect of chromosomal aberrations? 

18. 'WTiy are nullisomics rare? In what type of organism are they most likely to be 
found? 

19. When viable, do chromosomal aberrations generally show protiounced pheno- 
typic effects? Cite some of the evidence. 

20. What is position effect? Cite some cases of inheritance apparently the result of 
position effect. 

21 . Why do biologists and plant breeders try to induce chronujsomal changes? 

References at the end of Chapter 20. 



chapter 10 


Mutations 


'I'liP 'I'iieory of .Mutatioii, formulated in 1902 by Plugo de Vries, was 
ha^ed 1)11 hi' 'tiidie.' of heti'toploid plants and structural aberrations of the 
('viMiing {irinu'ose, 0( nutln m. Heritable variations have been variously 
called sports. siiltdtioK.'i, and mutatio/is. The word mutation is derived from 
the Latin mutun , meaning to change. The fundamental feature of the muta- 
tion theory is the occurrence of 'ome permanent change in the germ plasm 
precfiling the apiiearance of the heritalile variatioit. The term mutation has 
been widelv apiilieil to cover x i.-ibh' or pin nutiipic rnrintions re.sulting from 
germinal uluniijt >u rlirDinn-^dnii u umtn rx. chrontoxoninl .strurturul changes, or 
iiiri.'.ihli I'huniji ' iritliin i/ii!>i'iilii(il (j! m X. Currently it i.s generally restricted 
to an iii'i'i'ilile change. ph>--ical or i.-hemii.-al. within a single gene or locus in 
a chioino-oine. that i'. a gi'iii' inuititii.ni. Cenetici-t' are accepting Stadler's 
'tigge'tioii that •!'!•> iiiutatnnix ur: tin rixiilui of germinal changes remaining 
ii’tir ii'i' nf ih.^f} '-tsitilr liiriiiuosijmiil rhanins such as heteroploidy 

ami iletbiite -rrucinral i-haiige-- Imr, }„ i u <xrhi(l,il. 

.Vthough mutation' may occur in the chromosome^ and genes of either 
repiodm ti\i' or 'oinatic i-iT!'. mo't heritable miitatiuns have been found to 
ha'.i- occiiro'd in the leproihn-tive tra'-t or reprodneti\'p eel!', as meiocytes 
or amnere- Mutant gem-' do not tmmediately expre-' rheni'elves phtmo- 
Tvpa aih' tii'-'aU'e m.o'f ot tlmm ari- re.-e"i\e ( ine nr more gem-i'ations must 
illtel ",t-iie r-eT'.'.ei’ll the oeeiirieiiee of a rere — ivc-geiie mutation and it' 
ret oiiii tina I ton virh a notlier 'imilar reee'-.i ve t , . ettect it' phenotvpir appear- 
ance ni a pt i[)n' a t mm 


Occurrence of Spontaneous Gene Mutations 

(e':;!' rnicatinii' m i-iir t-oTh 'pnnfiii t n i^i , in nature ami as artificially 
c. ' n.iii.u-,. >p.u!tam'oU' gepe mutatioii'. hov.e\er. Inut- supplied 
mii-.t oi th>- mate:;:, t.,; rli,- me.-.r iiui" ot Mendelian 'Tiniic' undertaken 
1 1' u , ; a ■■ li»' . 1 '! : ■ - ie. a 1, -. J tla -r c.<iv , fiei ed'.ty 'Umc 1900, 'pniiTarieous 

nue.it’-c - a a crc:,r -c;]-,,;,.., ,,r 'nave been reengni/eil ( )f these 

the vaiuoi-.' 'p, , ;c' ..t fj in have . oarrihuti'd the great)-'t numher of 
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gene mutations. Hundreds of normal or wild-type genes and their mutant 
alleles are known in these flies. Among the first recognized and best-known 
gene mutations in Drosophila are those conditioning white eyes, pink eyes, 
black-body color, yellow-body color, and vestigial wings in contrast to the 
normal wild-type characteristics, red eyes, graj'-body color, and long wing.s, 
respectively (pp. 59, 123). In the common Indian corn or maize plant, 
perhaps the second best-known organism genetically, the effects of more than 
400 genes are recognized. They include the contrasting characteristics of 
starchy and sweet endosperm, colored and colorless aleurone, white and 
yellow endosperm, and many other alternate hereditary traits. 

In mice and other rodents as rats, rabbits, and guinea pigs, gene muta- 
tions determine black coat, white coat, brown coat, and sewnal spotted 
types in all color variations, in contrast to the normal self-colored wild-type 
gray or agouti rodent. The heritable color variations of domesticated farm 
animals, while neither so numerous nor so well known genetically as those of 
rodents, are conditioned by the action and interaction of gene mutations 
and their normal alleles. Likewise in human being.s. many of the alteriuitive 
characters as hair-color types, eye-color types, skin pigmentati(m. and many 
body deformities are conditioned by mutant genes. Besides their importance 
in the development of these more or less superficial traits, gene' and gene 
mutations are thought to be basic to the fundamental features of size and 
many phy,siological functions of animals and plants. It is (juite likely that 
gene actions and geite mutations are influential in the development of many 
of the general and special mental traits characteristic of human beings. 

Gene mutations have been found in many types of organism' besides 
those mentioned and presumably may be found in any organism subjected 
to close and continued observation, (lene mutations vary in their influein-e 
from effects on structural and physiological characters .so profound as to result 
in death to changes so slight they can .scarcely be recognized. Between thc'c 
limits there are many gradations in the effects of mutant genes. In both 
plants and animals, although a few are (.lominant, the great maj(n'ity of 
known gene mutations, whether spontaneous or artifii-ially induced, are 
reces.si\'e to the normal or wild-type gene. In organisms in which a number 
of mutations have occurred at one locus. forming a series of multiple allele,', 
most of the new mutant genes are recc'sive in inheritance to the normal 
gene from which thev arose < pj) 195-199i. .V few dominant mutations, how- 
evei', are known in Dro.^vphilu and other organisms, including some of the 
larger farm animals. 

Induced Mutations 

After the announcement of de \'rie.'' mutation theory, biologists became 
acti\-ely interested in the nature an<l causes of mutation. For many years 
e.xperimenters have attempted to induce mutation' artificially through the 
Use of radiation, chemicals, and other agents. Inwstigation in thi' field 



388 


VAEIATIOXS and GERAIIXAE CHAXGES 


received great stimulus in 1927 from ^^luller’s report of success in the arti- 
ficial production of mutations in Drosophila through the use of X rays. By 
the use of a special technique, he was able to compare the freciueiicy of 
mutations following X-ray treatments with the normal frequency of spon- 
taneous lethal mutations in Drosophila cultures. After exposure of one hour 
to an X-ray dosage of 10,000 r units, there were 100 times as many lethal 
gene mutations as occurred normally. If the time of exposure of one hour or 
less was compared with the whole life span of two weeks for a generation of 
Drosophila, the mutation rate was about 3. .500 times as great as that for 
spontaneous mutation-?. 

At about the same time. Stadler. equally successful with plant material, 
announced the production of mutations in the cereal plants barley, oats, 
wheat, and maize through radiation technic pies. He u.-ed both X ray and 
ultraviolet on cereal plants by exposing pollen and seeds to radiations. In 
one ease he found 53 mutations in 2.800 plants grown from e.xposed seeds 
with noiu' in the 1.500 plant" from unexposed seeds left as controls. 

.Vll typt's of radiations have been u.sed to induce gene mutations as well 
a.s chromosomal aberrations. Besides the -X-ray and ultraviolet waves, 
radium emanations, cosmic rays, heat, and cold have b(>en used to induce 
germinal idiangc's m a great variety of organisms. Blakeslee and his associates 
reported sueees-' in the production of gene mutations in Datura following 
treatments with I'adiuin emanations and with X rays. Ap])arently true gene 
mutaticiii' have been induced by various int'estigators in tomato, cotton, 
snapdragon, and jios'ibly in tobacco. 

Treatment of seeds and seedling' of plants and of eggs of Drosophila with 
solution, s of organic and inorganic chemicals. ,?uch as iodine and its com- 
jiounds, copper siilphatt', ammonia, and hydrochloric and acetic acids, has 
been iindei-taken to induct' gt'iie mutations. Some of these technitpies appear 
to have yielilcil positii'c rc'iilts Tlany experiments have been carried on 
wirli the lower form' oi life, incluiling vuriou,- fungi and bacteria for which 
ir IS pos'dtle to niotlify the culture media Mu'tard ga' has heen used suc- 
cessfully to induce mutatiiiiis in bacteria and in the fungus, .V, uro.^pora. 

THK HFI.Al b »X ( )F MrT.VTK B.VTE To X-R.VY I)( t.'^AOE To 

(letermiiic the reiarion between the radiation ilo-age and the rate of muta- 
tion. organisin' have been treated with 2<H) r unit.' as the lower limit and 
Kt.OiKl I unit' .'i' the Ujipei extreme For cumpari'oiis the treatment' were 
coiitir.uoU' in 'onic .-a'C' until the whitle do'age had been applieil In other 
ease- th'- neatnient- were interrujited at interval' of minute' or hours. In 
one seric' oi exjiei inient' w ith D'-ii^iiphiiii. Muliei' applied extremelc' low 
dosage- ..I -X ray a' ' and ' j ,,1, i unit' per minute over a moiith'' time. 
In all o! rh.ese e\pc; nuent', tin muT.itionai euci-t nt irradiated organisin' was 
in direi T piopo;-'.-, t,. f’.i. -ot,.; X-ray do'age regardless of the manner or 
length oi time m -.vhich tin- treatments were given. 
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TEMPERATURE CHANGES IN RELATION TO INDUCED 
MUTATIONS. Variations in temperature have been as.sumed to influence 
the rate of spontaneous mutation (pp. 390, 391 j. Changes in temperature, 
however, appear to have little eft'ect on the rate of induced mutation when 
combined with radiation. A po.ssible explanation of the dissimilarity in 
response to temperature changes of .spontaneous and induced mutation 
rates may be sought in the va.st difference in the potency of short-wa\'e 
radiation and slight temperature changes. The X radiation is so powerful 
that the effects completely overshadow the slight effects of a few degrees' 
change in temperature. In the case of spontaneou.s mutations, however, the 
effects of radiation are minor, and the effects of slight changes in tempera- 
ture may be more easily seen. 

COMPARATIVE EFFECTS OF ULTRAVIOLET AND X RAYS. 
Stadler considers that the X ray tended to cause structural changes in the 
chromosomes of maize that were freciuently lethal, especially in the IN 
gametophytic structures. X-ray treatments result in extensive structural 
changes and even total destruction of chromosomes. When the chromosome' 
are injured, some genes may be destroyed .\ccordingly, Statller thought the 
apparent gene mutations might be deficiencies in the chromosc^mes so minute 
that they involved only the locus of one or very few genes. The aberrations 
in many cases might be too small for microscopic obser\-ation. and since 
they would be inherited according to Mendelian principles, they might be 
regarded as genes. When induced mutations, however, mutated back to the 
normal-type gene, a true original gene mutation and not a deficiency at a 
locus would be infen-ed. 

Ultraviolet rays are less penetrating and apparently less damaging to 
chromosomes than X rays. Ultraviolet rays produce only a relatively few of 
the more minute structural changes and possibly none of the grosser aberra- 
tions but a surprisingly large number of apparently true gene mutations. 

Spontaneous Gene Mutations 

.\lthough most mutant alleles studied in Mendelian heredity ha\-e 
arisen spontaneou.sly in nature, their origin is still among the unsolved 
problems of biology. IMany factors may be concerned in the process. Uom- 
pai'i'on (jf the infinitesimal amounts of radiatioti to which organisms may be 
exposed in nature with the heavy dosage.- Used m radiation experiment- 
suggests, however, that spontaneous mutation' are dependent on factor- 
other than radiation, Dobzhan.-ky -tates that a summary of computation- 
by independent investigators would indicate that le.ss than 1 per cent of all 
spontaneous mutations may be attributed to the effects of natural radiation. 

RATES ( )F SP( )NTAN E< d'.'s MUTATRiAL Rates of spontaneou- 
mutation varv in different oigaiii-m-, in the chrorno-ome- oi eacli organi-m. 
and even in the loci of a chromo-ome in a given organi-m There is nogeneral 
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rate of mutation for any gene, chromosome, or organism, much less for all 
organisms. Under particular genetic, phy.siological. and environmental 
conditions, rates of mutation are specihc for definite loci in chromosomes. 
The mutation rate varies for each gene locus. 

Because of their abundance and their ready detection by a disturbance 
of expected ratios, lethal genes have been extensively used, especially in 
Drosophila, for studies of mutation rates. In a study of the rates of spon- 
taneous mutations in the X chromosome of Drosophila. 48 lethal mutations, 
or 0 18 of 1 per cent, tvere found in 26,000 flies. The rates in 11 series of 
experiments varied from 0.07 to 0.69 of 1 per cent, indicating considerable 
variability in stocks of Drosophila grown under dii'erse laboratory condi- 
tions. A Mimmary by Plough of 19 separate investigations involving different 
chromosomes and di>tinct loci within the chromosomes in more than 56,000 
flies shnwefl an average of 0.f>2 of 1 per cent spoutaneou.s lethal mutations in 
uusUected stocks of Drosophila. However, the general range of spontaneous 
lethal mutations may be from a fraction of 1 per cent to about 3 per cent for 
each chromosome. l\’hile mutations affecting visible characters may occur as 
freiiuently as lethals, many ot thtnn may escape detection. Possibly in 
Dro.<ophiln 1 or 2 ^•i^ibl(‘ mutations of spontaneous origin might be found in 
from 3,000 to 5,000 flies. 

.■stadler studied the rate of spontaneous mutation in Ukr, Sh. T. and Su. 
tlie normal allHes, of the waxy, slirunken. yellow, and sugary genes deter- 
mining endo'perm I'haractcrs. the dominant-color gene.s Pr and R, and the 
coliir inhibitor I of the factor complex for aleurone coloration in maize. 

( if these iicucs ir.r. .S/i. V. and Su mutated at a very low rate and R at a 
high rare. R mutated to the ivi-essive allele r at the rate of 492 per million 
gametes as c<-impared with only 1 murntion of Sh to sh and no mutation of 
ir.r to >r.r in similar number' The rates of mutation for Pr and I were inter- 
mediate bcuweeii tlio-e of tlu' inofc stable and the more mutable gene.s. 

KFFF.UTS ( )F I FMPFPvATrRF ( iX SPi iXTAXEOUS MUTATION 
H.VTFS t\5rh I i'-nsnph-ln grown at temperatures between 4^ C. and 40° C'., 
all iicrea-e of from te (' to 7“ O resulted in a two- or threefold increase in 
the numiier of mnt.-itioiis When the flies were grown at continuous low 
tempt-ratui es. the rate of spontaneous gene mutations was eonspicuou.sly 
inweied. .■'iii' c the ui'-reased mutation rare follows the Van't Hoff law of 
temper. ite, re i tfocts oi, the rate of chemical reactions, it suggests that the 
nnuatioii pi'm e-' i- of a chemii-al natuie. Temperature shocks from brief 
exjiosuies o! all hour or a few hours to either heat or cold also tended to 
itc iwise tlf Uife of mutation Pioiigh thinks that the ettects of temperature 
sho.'K' lait't be in re-pouse to 'omethuig else l.e.-ide- the temperature, for 
rile rime . ii exposiire wa- very short He suggi-st- that the intergtuiic or 
ell! oin.-e ■' m.iTfritb iieTwet-ti gi-ilfs lathei rh;in the intragenic material i- 
atierteii oy tetiipei a t ui'e .siio. .Ks. whiie i-ontinuoii' expiosure to increased 
tcnuioi iturt's infiuf;;, the clitunieal rea'-tioHs -.vithiii the geuo itseh 
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UNSTABLE OR MUTABLE GENES. Some extremely unstable or highly 
mutable genes are known in both plants and animals. Altlioiigh not restiifted in 
occurrence to somatic ti.ssue, they frequently show their effects by variegation in the 
colors of such tissues as the pericarp, endosperm, or aleurone of maize or in the petals 
of some plants. Mutable genes have been reported in a variety of ;)lants. Demerec 
mentioned more than 60 cases of unstable genes mostly associated with variegation 
in colors in a wide range of plants as the larkspur or Dilphinium, snapdragon or 
Antirrhinum, sweet pea or Ldihjrus, four-o'clock or MirubiUn, Dahlia, Petunia, and 
Ipomoea, the morning-glory. Besides affecting coloration in the flowers, some un- 
stable genes have influenced the production of chlorophyll, leading to variegation in 
the leaves. As an example of the action of unstable genes, the case of the larkspur 
ma>' be mentioned. One of the color genes has shown its high degree of mutability 
in the formation of many small purple dots in the otherwise lavender or rose-colored 
petals. 

The factor complex conditioning aleurone coloration in maize has the basic com- 
plementary-color genes A-n. C-c, and R-r. Among the supplementary genes are 
Dt-dt which in the pre.sence of the complementary basic-color genes. ACR, determine 
dotted or uniformly colored aleurone, respectively. Ordinarily the gene.s an in the 
factor comple.x would be expected to result in colorle.ss aleurone regardless of whether 
Dt or dt is present in the genotype, because the latter merely influence the distribu- 
tion of color. Rhoades found, however, that when the factor Dt was introduced into 
the genotype, replacing its recessive allele, dt. gene a of the A-a pair became unstalile 
and highly mutable. It mutated with considerable frequency to the dominant A. 
Cells containing the mutant genes wei'e scattered through the aleui'one tissue and 
became capable of producing aleurone color because of the interaction of .1 with the 
other complementarv genes. (’ and R. The jiresence of the mutant gene wa.' mani- 
fested phenotyjiically in variegation of the aleurone by small coloreil dots in an 
otherwise colorless-aleurone layer. The cells without color were those containing the 
unmutated genes aa. 

In cases of unstable genes, sjich as the color factors in the laikspur petals and 
the aleurone tissues of maize, the period of mutai'ility may vary, the mutation 
occurring at different developmental stages. AAhen large sectors show the effects of 
a mutated gene, the mutation is a-'iuned to have occurred early. When small 
sectors are aft'ected, the mutation is thought to have occurred at a later >tage in the 
development of the tissue. 

Since the eridos])erm and aleurone layer of maize grains are 3x tissue', it was 
possible to test the frcciuency of mutation with a, an, and aaa in the genotypes by 
varying the jiarentage. It was found that the number of mutations was diiectly in 
jiroportion to the number of a genes jiresont. Grains with mi had twice as man}- and 
with ana three times as many mutations as those with only one a. Rhoades loiind 
that increasing the Dt alleles also increased the mutation rate of a. One Dt gene gave 
7.2 mutations, two Dt gave 22.2 mutations, and three Dt alleles gave 121 mutations 
per seed. Besides the effects of additional Dt genes on the mutation late of a. 'till 
other genes modifying the mutation rate were tound to be laesent in certain geno- 
types. This case is especially clear in showing the importance of the genetic environ- 
ment in the process of mutation. 

Although unstable or highly mutable genes ociair frequently in plants. relati\-ely 
few have been louiid in animals. Demeiec. however, has reporteii 'tudies oi loui 
such genes in Dra.-mpliila ririlis. These genes are reddish-c, the action of whicli re-uhs 
in a golden-bodv color, cd-3 .ind mf-a, both ileteinuning the ilevelopment of small or 
miniature wings, and m. conditioning piurplish-red eye.s. As i- the case m plants, 
the mutabilitv ot unstable genes m animals vaiies with the genetic en\'i' ounient. 
ith an ordinary mutation rate of from 3 to 14 per cent, some of tlie unstable genes 



392 


VARIATIONS AND GERMINAL CHANGES 


in Drosophila mutated as frequently as 80 per cent when stimulated by proper 
genetic environment. 

Although mutability of unstable genes vas generally influenced by the genetic 
environment, it was found to be remarkably unresponsive to external environmental 
factors such as changes of temperature, carbon-dioxide concentration, and even 
radiation. It has therefore been postulated that internal chemical and genetic factors 
of undetermined nature are influential in modifying the mutability of some of these 
unstable genes. 

AIFI.TIPLE ALLELISAI. Instability of certain loci in some organisms 
ha.s been indicated by the occurrence of series of mutant genes known as 
multiple alleles, which arise spontaneously at the same locus and at various 
times. Multiple alleles may therefore be regarded as multiple mutations. 
The number of alleles in a series varies with different organisms and in the 
different loci in which they have been discovered. 

General Considerations of Mutations 

Evidence indicates that mutation is cuntined to only one of the members 
of an allelic pair of genes and that the simultaneous mutation of the two 
members of a pair of allelic genes even under optimum radiation dosages 
would actually bi* an extremely rare event. There may possibly be a slight 
KMideiicy for the genes in a certain region of a chromosome to mutate to- 
gether as a group under the inffuetice of X-ray treatments. In general, 
howt'ver, mutation in nature may be regarded a.s a local occurrence rather 
specifically le-tricted to one locus at a time. 

The comparative rates of spontaneous mutation have been studied in 
haploid', diploiils. and iiolyploids. Blakeslee found that spontaneous muta- 
tions in hajiloid hatura occurred more frequently than in diploid plants of 
tlie same species. ( iood'peed, however, found that X-ray-indiiced mutations 
were moie trequent in tiu' polyploid t(.)rm.s of tobaccos than in the diploids. 
In general, the I’ate of mutation i' roughly proportional to the number of 
genes earned by a chioiao-ome The rate ot mutation is higher in the two 
larger chromo-oine.' of /n-e.syp/o/n than it is in the smaller ones. The rate of 
mutation, howtwer. n con'idt-rably higher in chromosome III than it is in 
ehromo-ome II, c’cen though the number of gent'' i- jirobablv onlv slightly 
greater in III than in chromo'oine II. Plough calls attention to a disparity 
in this I'clatioiishi]) and suggest- that (jo-.-ibly the mutability of all genes in 
chiomo'ome HI i- higher than in chromo.some II or that certain genes in III 
ha\ e a highei rate oi mutation. < )n the general ba.sis that the rate of muta- 
tion 1 ' [iroportiona! to the total number ot genes, it would be expected that 
It- late 111 the ditierent members of a polyploid -erie- might well he in direct 
proportion to the number of chromo-omes and consequently to the number 
ot geiics pi-cs.-nr in each member of the -cries. More mutation' might be 
expected in a [lolypioid loim of a -pei-ie-. with it- duplication of gene- at 
homo.ogou- lorn than m the eorre-pionduig diploid form smiplv becau-^e 
there would be more gene- of each kind to mutate. 
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The difficulty of recognizing mutations, however, is greater in polyploids, 
because with their increased chromosome numbers there are more dominant 
alleles to mask the effects of a new mutant gene. If a recessive mutation 
occurs in one locus in an autotetraploid, there would be three normal un- 
mutated genes at each locus to mask the new recessive allele. In a diploid 
organism with one allele at each locus in each of the two members of the 
pairs of homologous chromosomes, a recessive mutation in one of them 
would be more quickly recognized than in the polyploid form. In a haploid 
organism, with its single set of chromosomes, there is only one gene at a 
locus. Then, with no normal alleles present to mask them, the effects of a 
recessive mutation would be evident in the first generation following a 
germinal change. [Mutations should therefore be most easily found in haploid 
organisms. [Mutations in haploids may not really be more numerous, a.'- 
Blakeslee thought them to be in Datura but merely more easily detected. 

Somatic Variations, Bud Sports, and Chimeras 

When germinal changes occur in the nuclei of somatic tissues, most 
of them are lost because these cells have no part in reproduction. If. how- 
ever, a germinal change occurs in the early develojuneuT of the growing 
point of a stem tip or a bud. it may be included in nn.ist of the tiss>ios. repia.i- 
ducti\'e as well as somatic, developing in the branch. Should fiower.'- and >eeds 
be produced on the branch, a somatic mutation of this type might become 
heritable. 

Bud \ AiUATioNs 

The occurrence of somatic, vegetative, or bud variations has been ob- 
served in many different kinds of plants. I'lie x'ariation.' include different 
form and habit of plant, changed leaf type.-, form and color.- of ti-sues, fkwnr. 
textures, and time of maturity of fruits. Shamel and Pomeroy in a study of 
bud variations in apple, peach, and plum from the fruit-growing region' of 
the I’nited States listed 173 bud variations in the apple alone. These oc- 
curred on the trees, frequently as single branches bearing fruit atypical in 
color, size, flavor, and date of maturity. Sometimes an entire tree in a 
planting was markedly dift’erent from others of its variety. Such tree- were 
assumed to have been propagated from an earlier bud sport. These iiue'ti- 
gatoi-s concluded that bud variations offered excellent material for the 
df'\-elopmeiit of improved varieties of fruit trees. [Many striking bud \ aria- 
tiotis or bud sports have been propagated and developed inti.) new com- 
mercial \'arieties, 

Emerson found 2.a somatic variations in the endo~perm tissue ot .lUO 
seeds of maize, that is. at the rate of about 1 in eu'-h 20 grains He wa-sure 
that only a single chromosome with its contained genes wa- invoh-ed in this 
'■a.se. With the endosperm of corn having 30 chromosome', great numbers of 
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these variations are possible provided the rates of ehange are the same for 
each chromosome. Because chromosomes vary in their rates of mutability, 
the rates of change in each of the 30 might not equal that observed by 
Emerson. 

ORIGINS OF BED VARIATIONS. On the as.sumption that mo.st 
somatic variations ha\-e originated as germinal changes, three possibilities 
are recognized: ( 1 ) numerical mutations including any ot the torms ot hetero- 
ploidy. (2 1 chromosomal aberrations or structural changes in individual 
chromosomes such as deletions, inversions, duplications, or translocations, 
and (3) true gene mutations occurring in somatic tissue. 

Elimination of chromosomes in somatic tissue has been observed in well- 
known cases in fJrosophila that resulted in somatic mosaics which i-esemble 
the gynandromorphs in that organism. This type of germinal change oc- 
curring in plants might b(' a miauis of origin of bud \'ariatious and in the 
case of hetei'ozygous plants could lead to distinct phenotypic changes in 
the affected parts. Structural changes in somatic chromosomes have been 
demonstrated in plants. Navashin and Gerassimova studied them in the 
aging seeds of ('rcpift and found them more abundant in the upper part of 
the embryo than in the root portion. .Tones also found ehromosomal aberra- 
tion' in tii(‘ endosperm of maize. IMiile these types of germinal change may 
well occur as bud \'afiarions, in general, structural changes in chromosomes 
ha\'e few pronounced phenotypic effects. The occurrence of appai-ent gene 
mutations m 'oniatic tis'Uc lui' been observed in various plants. 

Ghimei!.\> 

.Another type of 'omatic cariation i' a mixtiue of jilant tissues of differ- 
ent 'pecic', varieties, or aenetic aniccedeut' growing in one jilant body. 
.Vbiioi'iiuiliries of rhi' 'orr. calh.-d chimera', liave occurred both as spon- 
tancou- abnonnalitic- in nature and m artificially inducPil 'tructures in 
experimental material The torm i-hiDitrii lui' it' origin in mythology where 
it refer- to a moii'troU' animal 

I’lant chimera' arc ot diftcrent kind' Sma-ture- con'i'tiiig of two differ- 
ent ti'suc- aiowma -idc bv 'iilc and occupyiii” di'tinct 'cctor' ot wiryiiig 
'izc' in the plant an- callod -i-i-ronal chimera'. In a 'crond type the two 
kind' of ti"in'- aic di-po-cd one within tlie other. That is, one kind of ti'sue 
occiipit- the I'l'iiior oi rho plant 'Trticturc a' a rore. and the -pi’ond kind of 
ti"U(' crow- aioinal u U' a thin covering laver like a 'kin or a cortex. These 
are ''ailed pern-hna! >'himera' 'fhe word /n ha' it' oriain in the (Ireek 

Word' meamiiu aroiiud and i iini) or bend The term /n /■■■r/oo// mean' a 
ti--ne 1 a'lit aroiu M i or, nioi e e\ai fly in tlii' <-a~i-. arow ina aroiiud. A third t vpe 
'■ailed ,'t men-',!; a, ''hitiieia ha- one kind of ti--iie oi 'united extent placed 
in a jienpiicrai po-uii_i;, ,\. mem lina! i-himera i' a'-ruaiiy an inrernipted 
perii'linal 'tna rure '.'.ifli a larae or smali 'Pamenr of the outside or peri- 
I'liinil ri"'ie ''ovenna a ■•etitra! '-ore 
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ORIGIN OF Cm^NIERAS. Chimeras occur (Ij as autogenous or 
spontaneous abnormalities and (2) as experimentally induced structures. 
It has been suggested that spontaneous chim-eras originate as somatic 
variations and continue afterward as anatomical abnormalities. The arti- 
ficial induction of chimeras by grafting techniques has been demonstrated 
by ^Yinkler, Baur. .lorgensen. Crane, and others. In this method two species 
or varieties of plants, as A and B, were grafted. After the stock and scion 
had united, the top was cut off at the point of union lea\fing tissues of both 
plants A and B in the stem stub. Later, as callus tissue covered the wound, 
adventitious buds arose. .Some of these buds and the branches that grew 
from them were found to be of both kinds of tissues. A and B, from the 
original stock and scion. If the two kinds of ti.ssues from the stock and scion 
grew together side by side in the bud and branch, they formed a .^ectorial 
chimera. But if one ti.ssue was inside the stem and the other surrounding 
and covering it. the chimera was periclinal. 

HETEROPLUI D TL-^SCES IN CHIMEILAS. Attempts to double the 
number of chromosomes in some plants have resulted in chimeras. Some 
plants, composed of tissues differing in chromosome numbers. ha\'e these 
tissues arranged in all sorts of ways, both sectorial and fre(iuently as some 
type of periclinal chimera. Triploid and tetraploid cells are larger and 
haploid cells smaller than those of the normal diploid tissues. Because of this 
relationship and the differences in cell size, the kinds of cells and the extent 
of the tissue^ may be determined very exactly. lYorking with Datum. 
Blakeslee and his asMiciates, especially Satina, have studied this type of 
structural abnormality which may be called a chi'omosoinal chimera. In 
gras.^es pi.)rtions of 1 plant may have the original diploid chromosome number 
and othei’s have the induced tetraploid number. I'hese diversities may ap- 
pear in the flowers as well as in the \'egetative parts. This type of variation 
may be parth* chimera. I'he term mi.roploid may also be used to designate 
such Structures. 

( TTAR AC'TERISTIC'.'' < IF CTIFNIERAS. lYhen sectorial chimera' 
proiluce leac'es. flowers, or fruits, they are mostly identical with one or the 
other of the two kinds of plants entering into the composition of the chimera. 
Li a few case.' the sectorial feattire may lie extended into the individual 
leaves, flowers, or fruit', forming exactly on the border line between the two 
kinds of tissue In periclinal chimeras, generally the leaves, buds, flower', 
and fruit' are typical of the external layer of ti'sue, because these structures 
all arise exogenously, that is, from the external laytu's of tissue. For the 
same reason, in plants propagated from 'tern cuttings, bud' or scioii' 
taken from periclinal chimeras generally resemble the external part of the 
ehimera. 

It has been found, however, that plants propagated from root cutting' 
taken fi'om periclinal chimeras generally re.semble the plant furnishing the 
tissue of the central core of the chimera This is becaii'C the adt'cnritious 
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buds developing on root cuttings arise endogenously, that is, from the 
internal tissues, in this case, the central core of the chimera. 

Some cultivated potato plants are periclinal chimeras with an external 
layer of tissue of one kind and an internal core of another. By shaving off the 
external parts of the eyes of potato tubers, it has been possible to induce 
bud.s to grow from the deeply located central core. In .some cases the plants 
induced by this technique were distinctly different from those normally 
developed. The Rural variety of potato normally produces russet tubers. By 
shaving the eyes as described above, a plant developed producing lighter- 
colored tubers without the normal russeting. This was introduced as a white 
Rtiral \-ariety and had a limited vogue as a commercial crop. Sectorial 
chimeras also occur in potatoes. In these cases a portion of a tuber may be 
of one color and the remainder of the tuber of another color. Propagation 
from eyes cut from the two parts has given rise to two distinct types or 
varituic' of potatoes. 

t'hinu'ias are obser\'ed in apples and citrus fruits, in which somatic 
wiriatioiis in colors may involve from one-half to one-third of a fruit. Often 
a red-type aiiple may be found with a prominent stripe of darker or lighter 
line or possibly entirely lacking in color. Similar color variations are also 
found in citru' fruits where tliere are sectors either lighter or of more intense 
color than the uoiinal yellow. In most ca.ses the.se variations involve purely 
\-eiietan\-e ti'.'Uo and are mtt continued in the propagation of the plants. 

( himeia' are of popular interest and arouse a certain curiosity, but they 
aie ot minor importance in genetic investigations. They may be of interest 
and value to the plant propagator as the source of new varieties. 

Questions and Problems 

1 Whv aic the vciic.tmii^ .cquircil tliinuith action of enwronmental f.actors 
cctii'i .ill’, icnaiihd l.\ liii'losists a- iionlieritahlc? 

2 \Mc.it I' .1 liciic mut.itiou? W hat i- .''tadler's idea ot the relation of gene mutations 
t" iitiic; gel miii.il change.'? 

o licvic’.i th-' hi'Ti'ic-ai dcvcl'ijiiueiit o! tlie alea of mutation from its beginning to 
It- ic-ti icnnii til gene iiiutatiui!'. Lxplaiii the pos'ilde relationship of mutation to 
tl.i' c-'i ilutc Cl "t new tonii' ni plant and animal life. 

1. What mga'ii-m- have luini-lii'd iiio-t of the known gene mutations? What is 
rill :cl:itio!i-hip oi gene mutation' to Meudelian studiC'? 

\\ hc.r fcrhiiii(iiC' have hecn ino.-t effective in the iiroduction of induced gene 

licit iTio:,-? 

(1. I- tlccc any appa.icnt lelatioii'liip lietweeu radiation do'age and e.xperiinentally 
hid’C I'd laUTation late? 

7. i.at o o; gt^ne mutation h.i- heen mo't irequent in ladiation techniques u.-ed 
to Heiuoe gc: mil. al (hal.gc-? 

s. W 1 -y a’c tp:;.;,,.;- iTu’c ei'angc' ot little inmoitaiice In iulluencnnr the mutation 
i.it'' ii, X-:.iy riPitments'' 

0. ( Ilf t'c.p ftiPi t' o: X ray- arnl ulti a'.Uoiet lay- a- agent- in the piaidu'-tion of 
gp;.. f.c.fo.ic- W iy. '::r>u.,i one be more elfeetive than the othei' a- an agent 
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10. What is the possible action of radiation in causing changes in the gene? 

11. What are .spontaneous gene mutations? Are the causes of spontaneous gene 
mutations known? 

12. Can any definite statement be made concerning the rate of spontaneous gene 
mutations? 

13. Is the rate of spontaneous gene mutation the same for all organisms? All chromo- 
somes in an organism? All loci in a chromosome? 

14. Which would be easier to detect, a dominant or a recessive mutation? Why? 

15. If an investigator suspected the occurrence of a recessive-gene mutation, what 
breeding technique might be used to demonstrate its in-esence’’ 

16. About what rate of spontaneous mutation has been found in Uro>^ophiln? 

17. Do all gene loci mutate at the same rate in the same organism? Cite a specific 
e.xperiment to support your argument. 

18. As compared with results obtained with e.vperimentally induced gene mutations, 
what e.xplanation may be given of the fact that the rate of spontaneous muta- 
tions is affected by temperature changes? 

19. What is meant by the terms mutable or unstable gene.’ Cite s(;me examjile of 
mutable genes. In what kind of tissue have these unstable or mutable genes been 
found ? 

20. Does the genetic background in which they operate have any influence on the 
rate of mutation shown by unstable genes? 

21. Have mutable or unstable genes been found in any consitlerable tange or variety 
of organisms? Name organisms in which they have been found. 

22. Con.sidering a pair of allelic genes, with one member in each of a paii of homo- 
logous chromosomes, may mutation occur in both loci simultaneously i.'r is it 
restricted to a single gene? 

23. In general, are mutation.s actually more frequent in haploids. iiiploid>. or 
polyjiloids? 

24. Even though mutations may l.ie moie frequent in polyploids than in hajihiids 
or diploids, why are they more ditficult to recognuc in organisms with nmltijile 
chromosome numbcr.s? 

25. Explain what is meant by an allele. What is multijile allelism? (ii\-e e.xamples o{ 
multiple alleles. To what germinal hehavioi is multiple allclisin due? 
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section 8 


Development of Heritable Characters 


The eailier students uf genetics were concerned with segregation, assortment, and 
lecumhination ui genes in the inheritance of qualitative and quantitative characters 
of lu'ing organisms. The manner in which tlie gene, the indivisible unit of hererlity. 
IS passed from generation to .generation, the chromosomal relationships of genes in 
-Mendeiian heredity and in linkage, has been summarized as the mechanism of 
heredity. This older, but still fundamental interpretation, has come to be refenvd 
to as dns.iiral gcrictic.'i. In some of the ntwer u-iptcla af gt attics, consideration is given 
to the specific effects of genes and of specific "organizers'’ in the development of 
rnorpli(.ilog!cal features as expressed in lorni and stiucture. dtvilopmtntal genetics: 
the effects of genes in the contiol of physiological functions, phimolugical genetics; 
and the specific hiocheniical actions of genes, biochemical genetics. 
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chapter 21 


Gene Action in Development 
of Heritable Traits 


In any consideration of heritable traits, whether under the heading of 
developmental genetics, phy.siological genetics, or biochemical genetics. 
the central problem is the nature of gt ne action. Accumulating data indicate 
that gene action is related to the production of catalyzing enzymes influenc- 
ing biochemical reactions. 

THE RANGE OF CHARAGTERl:s'i’H S UNDER GENE G( )NTROL. 
The list of characteristics known to be under gene control is much more 
extensive than is indicated by the relati\'ely few case< cited in the earlier 
sections of this text. Characteristics under gene influence include: G' varia- 
tions ill size and form of organism: i2i the vast array of colors in plants and 
animals: (3) physiological proce.s.ses such as earliness and latenC'S of develop- 
ment. milk production in cattle, egg production in fowls, and the yields of 
fruits and seeds in cultituited plants: yt) many specific metabolic processes 
ill domesticated animals and in man: blood groups in domesticated 

animals and in human beings. M'o tliseasc resistance: (7 i sex determination 
ill plants and animals, self-stenlity in jilants. and sox phenomena in animals; 
(8i psychological cliai'acteristics m man 'Uch as differences in taste reactions, 
musical abilities, some types of leeiile-mindedness and ner'cous disoi'iiers, 
some types of .subnormal vision, and jios'ibly the entire range of variation in 
mentality in human beings; and if), certain genetical ami cytological 
phenomena, such as variation in mutability of unstable genes in different 
genetic environments, " stiekiness" of ehromosomes uiuh'r the influence of 
the “sticky” gene, variations in amount of genetic crossing over, and certain 
abnormal chromosome ljeha\'ior during meiosis. 

THE NATURE OF GENE AUTK )N. In considerations of gene action, 
the catalyzing effect of a gene or of its products has been stressed. When 
a gene acts to duplicate itself, forming an exact copy, it is said to be auto- 
catalytic. Genes ul'U hat'e heterocatalytii. pioperties. Data from numerous 
iniestigatioiis indicate that, through their heterocatalytic activities, genes 
form enzymes which catalyze biochemical reactions. 
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Beadle lists more than 20 definite biochemical reactions that are under 
known gene <'ontrol in about a dozen different organisms. The organism' 
range from the yeast plant to man and include some of the algae, fungi, 
flowering plants, insects, dogs, and rabbits. The biochemical reactions in- 
clude those concerned in the production of color variations in plants and 
animals, splitting of sugar molecules, protein and amino-acid metabolism, 
and nitrate reduction. In each case the gene is thought to initiate enzyme 
production that inffuences or controls a definite reaction in the general 
metabolic proces.s. Later another gene with its enzyme becomes at'tive in 
the reaction. In one organi.sm. Xrurospora. studies have been made of more 
than 100 induced mutations, each one influencing a definite biochemical 
reaction in the metabolism of that plant. 

(4ene mutatiojis .seem to affect the catalytic properties of the gene. INIuller 
has suggested that if a mutation dcfitroys. or abolishes, the autocatabjtic 
power of a gene, it cannot reproduce itself and therefore it ceases to oe a 
gene. If the aiitocatalytic power remains unimpaired, but the hcterocatahjtir 
projji.Tty i,' lo.d, following a mutation, the gene remains a gene, because it 
can reduplicate it.'cif. But with its heterocatalytic power lost, the gene be- 
come' iuacti\-e. a' far a' any effect on an organism is concerned, and it 
becomes an amorph. a negative form. If a mutation impairs, but does not 
(Ic'ti’oy, the heteroi-atalytii- power i.>f the gene, it becomes less effective and 
may bo called a hii pomur ph. that i.'. a les'er form. If a mutation inenases 
the heteroeatalytie projicrty of the gene, it may have a greater phenotypu’ 
effect on the nrgani'ni .\ gene of this typi' is called a hypirmorph, that is, a 
'Uper form. .Viid tiiially if a mutation rhanips the heterocatalytic action ot 
the gene from one '[leeilic proee.'S to another, the gene may then be called a 
nioiiKirpli, that IS, a new lorni. 

Lxaniple.' of variations in catalyzing power of genes may he found in the 
members of 'ome multiple allclir 'cries. Multiple allelic series originate 
through a iiiiniber of jue'iimably unrelated mutations forming mutant 
genc' which all affect the development of the 'ame trait but to diflerent 
degree- pp, l',).')-lliy ' .'some of these genC' then may art as h i/prrmorphs. 
ini’' , ii.-,! riij f'hi rha : -ome a- h 'ijiomnr fdis. i]{ cn asinij the trait: and still 
other- a- amiirph.' with apjiarenrly total eliuiiiiation of the characteristic 

Genetic and Chemical Basis of Coloration in Plants and Animals 

The inhenrancf and deveiopmeiu of color variation in plants and animals 
afford giiod i-xampii'- oi -peritic maie aiTioti', In general, l■oloI■atioIl in both 
plant- and animal- i- ba'Cil on the pre.-eiii-e of a definite organic chemical 
eonijtound: rhi- i- the '-hroinogtai or precur-ur of color, it-elf usually a color- 
Ics- niatciial, that may Oe ■ hanged chemically to lorm the color. 

( IKXr. At Tb iX IX THK DEVKI.i iP.MPiXT ( )F FLOWER COLOR.'^ 
The pii’c ip.ii I oioring inatTcr- in flower- are the anthoeyanin-. anthoxaii- 
thiii'. ami carotenoid- Variations in flower color depend upon the presence 
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or absence of one or more of these chemical substances, upon structural 
changes in their molecules, upon variations of the quantities of the sub- 
stances, upon combinations of the basic siib.stances, and finally upon the 
acidity or alkalinity, the pH, of the cell sap in the flower parts. The antho- 
cyanins responsible for the red and blue colors in flowers are water-soluble 
glycosides formed by the chemical union of the ba.sic (‘oloring matter, one 
of the anthocyanidins, and one or more molecules of a simple sugar. 

In many plants the production of anthocyanin coloration is dependent 
genetically upon the interaction of two or more dominant complementary 
genes as in the sweet-pea flowers and in the aleurone layer of maize seeds 
(pp. '202 -206). Besides the production of anthocyanin color, the specific 
color is determined by chemical changes. In general, the greater the number 
of hydroxyl or OH groups that are added to the molecules, the more intense 
the blue color. 

Three prominent anthocyanin molecule types, pelargonidiu, eyaniclin. 
and delphinidin. differ in the number of — OH groups added to the prime ring 
and in the position in the ring at which the hydroxyl is added. Specific 
genes are concerned with the molecular changes. The doniinant alleles tend 
to determine increased oxidation as, CD. interacting to protluce the greatest 
degree of oxidation and highest development of blue pigmentation as shown 
in delphinidin; Cd. with a les.ser oxidation and loss intensity of blue as in 
cyanidin; and the double reee.ssive, nl. with only slight oxidation and still 
less blue pigment as in pelargonidiu. 

Besides the oxidation, the number of sugar molecules incorporated in 
the anthocyanin molecules appears also to be under gene contrcd. Hydrogen- 
ion concentration or the degree of acidity, influencing tlie anthocyanin 
colors, likewise is dependent upon the genotype of the plant and is thu.s 
hereditary. 

(lEXE ACTION IN DEVELOPHEXT OF COI.OR^; IX ANIMALS 
Coloration in mammals appears to depend upon the pre.-;ence of chromogen,--, 
colorless compounds that may be chemically changed through the action ot 
oxidizing enzymes to form pigments. Tyrosine, an amino acid, is probably 
the basic chromogenic material which through a -^^eries of enzymatic oxida- 
tion' forms two general types of melanic pigment', the dark eumelanic 
pigmi'iits that are either black or brown and the phaeomelanic or xanthic 
pigments that are red or yellow. Specific colors depend largely upon the 
relative amount' and distribution of thc'e two types of pigments. Color 
types of rodent' are known to be under gene control with modification' 
rc'ulting from hormones and environmental factor'. I fxidation ot the 
chromogen,' to form the colors may be uifluencetl by two general enzymc' or 
enzymatic system', enzyme I and enzyme II. 1 hrouah the work of M I’lght 
and his a"ociare'. the action of lieiiC' in the fiiocht'mi'try ot color' formation 
in the coat' of animals i' bc't known in the guinea pm 'I'he aenetic ba'i' oi 
color inheritance in the guinea pig is a complex ol 'even paii' oi major- licnc' 
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and niimerou' minor ones that have modifying actions. Among the major 
genes the following have actions that determine the quality and intensity ot 
the pigmcut.s. 

C-c and their allele^- -f/n alhino ■•Airies, influence the production of 
both the dark or cumelanic pigments and the red-yellow or phaeo- 
melanir pigment^. Wright .'^uys that this serie.s of alleles is concerned 
with the i|iiaiitity or activity of the two enzymes affecting the reac- 
tions that lead to the formation of the two types of pigments. In 
the allelic series the lowest member, c“, in the homozygous state, 
c'T-. acts as an amorph and determines the almost complete lack of 
pigment cliaractcri.stic of the albino guinea pig. 

/•’-f— a pair ot alleles acting as infpnxitii factorf: for the red-yellow 
pigments. A'ith F- prcs(‘nT in the genotype, the red-yellow or phaeo- 
melanic pigments have full intensity. With ff present, the intemsity of 
the-e pignii'iit' i' reduced. The (f genes have no effect on the black 
pigment'. .\.pi)arently F-i inlliience the conceiitration or activity 
of till' eazyiiie 'V-tem ?iece"arv in the piodnction of phaeomelanin. 
They' gene, theietore, act' g' .a hyponiorph. 


P-p till i>/>il:-i'ii iilhh.^. acting as intensity factor.s for the black 
and blown pigment'. \\ irh P- prc'Cnt in the genotype, the eumelanie 
pigmciii' ha\e lull iiucn'ity. A ith pp present, the.se dark pigments 
ate I’eiluced m ititeh'Uy in the hair and alm<.)'t completely eliminated 
in the eyc'. making the animal a pink-eyed guinea pig. The pp genes 
have no cfrcct on tin- i ed-yi-llow pigment'. It may be assumed that 
the P-ji gene- act to intlneiici.' the quantity of the enzymes concerned 
with the cheinira! icactiou' leai.hng to the formation of melanic 
pigment' With P p!i''ent, tlm amount ()i the enz.vme or the enzy- 
matii a' f.'try i' inrrc,i-cd With pp the amount or the activity of 
the eii/.\'me '' de.-i'ea.'ed. p aetiiig a' u hvpomorph. 

'/■< hliir, -'.nnrh ill/,!--, act nii the eunielaiiie pigments and 
lieteinii'ie tie' doiei'cni'o iioi'-veeii black: and brown guinea pig'. I'lie 
P-h gene- ha- e O'l epc, r 1)11 rle- red-yellow pigment-. With B- pz'esent 
in the gei.i.Tvis.-. the f-umeniiiie jiignn-nt- are trau-formed. and the 
animat nu' oia' s <ui and n.a)'k e\'e-. With h/, pre-ent in the geiio- 
rype. Tie' pign'n’nt- .iie i ran-toi m*'(i into br<jwii, aiel the fur and 
f'T')'- at)' nro.'.i; I.' ih ’'t.v lie- '■ ioim nf the gent- ai't- a- a hvpo- 
u'oM'h 11.'- Ot - !!;e g . .'-•■)•, 1 al.ovf rhar act to infliienee the 
■'Cl O', n.'i '-.'-I'- ,,! -l:,. oi_n,.'nr-, Wi'ghi ela--ifii-- tie- follow- 
g ge >■- ' • In o,, , :;-r ! ■ t)-irii);' nt uigment- 
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F!-p — the extension alleles, act to determine the extension ot the 
dark eumelanic pigments. With E- pre.sent in the genotj'pe, the eyes 
and fur are black. With ec present in the genotype, the eyes are 
black, but the fur is red or yellowish. Wright suggests that the 
genes B-b and E-e act on the hair follicles. E- determines that the 
follicles contain the eumelanic or dark pigments and ee that they 
contain only the red-yellow or phaeomelanic pigments. The B-b 
pair acts only on the follicles that contain the dark or eumelanic 
pigments, determining whether they are black or brown. 

A-a — the agouti alleles, act on the eumelanic pigments. T- in the 
genotype determines the presence of a light-colored baud just lielow 
the tip of each individual hair. A may be considered as acting to 
block the development of the eumelanic itignnmt in thi> siibterininal 
band. With aa in the genotype, the hairs arc fully pigmented, black 
or brown, throughout their length. 

S-s — the spotting factors, act to determine the distribution of color 
over the body, regardless of the color type. At'ith N- in th<“ genotype, 
the animal is .self or solid color, while .v.-- determiiK's that the animal 
is spotted with white. Russell ha> shown that whitt'-spotted areas 
on colored guinea pig.s lack the neces'ary en/.ymes to traiisforra the 
colorless chromogens into the color pigment>. 

Gene Action in Physiological Processes 

Among a few well-known case.- in which specific metabolic processes are 
associated with the action of a definite here<litary unit is a xariatiou in the 
metabolism of dogs. In ->ome mammals puiine. a uitrogenuu.s compound, 
may be excreted in the urine as urii.- acid. In other mammals, as in mo.'t 
breeds of dogs, the uric acid, through the action of the enzyme uncase, 
may be further broken down to allantoin. In the 1 >almatian coach dog, how- 
ever, the nitrogeiiou.s material is excrctial a.' uric acid, 'rrimble and Keeler 
studied the inheritance of this metabolii- variation in dogs. They concluded 
that the inability to excrt'te the more completely btokmi-dow n maKalal. 
allantoin, i.s inherited as a simple reces.~ive Mendehan chaiacter. Since it 
has been found that Dalmatian dog' actually jiroduce the enzyme uricasc 
nece.s.sary for the production of allantoin. it' formation mu't result from 
some cause other than the lack ot the jiroiiei- enzeuue Po"ibly there may b(‘ 
some interference with the normal action of the uriea'C in the homozygous- 
rece.'sive Dalmatian dogs. 

In human beings tlie di.sea.'e known as nlro p'lm 'i- uj p fU._) , a metabolic 
disorder, i.s characteiTzed ny blackenUig ot the uruie on e.xpo'Ure to an. 
Recaii.se of it.s long-recorded hi'tory. Beadie refei' to rhi' metaooiic ab- 
normalitv as a cla.s.sic in liiocliemicai genetic' I he sub.-tancc re'pori'iice 



4.0(5 DEVELOPMENT OF HERITABLE CHARACTERS 

for the characteristic blackening of urine is alcapton or homogentisic acid 
(•2,5,-dihyclroxyphenylacetic acid). Normal human beings have an enzyme 
that acts to break down homogentisic acid, but persons with the disease lack 
the enzyme. This metabolic disorder is definitely inherited. Possibly the 
responsible gene fails to produce the proper catalyzing enzyme. 

Gent Action in the Metabolism of Xenrospora. Beadle, Tatum, and 
others, working with the red bread-mold fungus, Xenrospora, have accumu- 
lated some exceptionally clear evidence for a one-gene, one-specific bio- 
chemical reaction. .Y( nrnsporu with male and female plants has both sexual 
and a.'Cxual methods of reproduction. Investigators treat the asexual spores 
with X rays or with ultraviolet rays to induce gene mutants in the fungus. 
The treated spores are grown, and the resulting mycelium is crossed with 
normal untreated fungus plants of opposite sex. The ascospores resulting 
from the cros.' are formed, eight in each ascu.s or spore sac. If a mutation has 
(M'curred, the mutant gene and its normal allele will be segregated, and the 
spore sac will contain four mutant and four normal genes. The asco.spores 
are m'xt i'olated and grown .>eparately on a complete culture medium. 
Toi' growth, Xi nru-'-pora reiiuii'C' il) carbon supplied from sugar, starch, or 
fat; 1 2 nitrogen from either inorganic or organic compounds of nitrogen: 
i8i certain chemical element' such a' calcium, phosphorus, sulphur, and 
other minor elements provided by inorganic salts: and {i) biotin of the 
vitamin-B group I'he complete culture medium is fully supplied with the 
abo\'c es'cntial material' and. in atldition, with an abundance of vitamins 
and \'arioU' amim.i aen.l' siieli as arginine, ornitliiue, etc. 

.Vfter the culture' t<i be u'sted for mutations have become well estab- 
li'hed on the complete culture medium, they are traii'ferred to a medium 
contauiuig onh- the minimum e"ential' for growth of the normal or wild- 
type X' >irnsp(ira. ( (lie type uf minimum meilium eoutained only (1) sugar. 

' tninerai -ah', inorganic conniounds of nitrogen, and (4) biotin to 
'aii'i'y the minimum re(iuireinents for growth. I'se of inorganic nitrogen 
Cl iiiipouiid' iii'tead nl urgaiue eoinpouiids of nitrogen and omission of all 
uitiegeiL it! the tciiin ni aminu acid' enabled the iiu'estigators to test the 
'trail!' Ilf lung! inr tlmir ahiluie,' to catalyze the synthe.'is of the amino 
acid' ,Vny 'train nf the fungii' abh' te grow on the minimum medium wa' 
cnii'idered til be imrinai ur wild type and therefore alile to catalyze the 
'Viithi'i' Ilf all the :iminn ai-id' uece'sary for growth. Any .strain of the 
tungU' unaiiie tn grew mi the minimum medium was recognized as a bio- 
cheinii-a' muta.nt. unable to catalyze the .'ynthesis of certain amino acid.-. 
To deteimme rh'- nature of the mutation, further attention wa.s directed to 
the mutant 'traui' In one iaboratory where S.i.riOO 'ingle-'pore cultures of 
_\h : V er,. Te-rfd. between .ddO and t'lOd mutant strains were found 
wl'iich w ei',- ti'Mb'.e to 'Vuthe'ize the eompuund' nere"ary for grow th of the 
luiigU' .Vtuiiiig the mutant 'traiu' were many duplicate.', but more than 
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100 were distinct and therefore the result of gene mutations at different 
loci in the chromosomes. 

From biochemical researches of this type has come the hypothesis that 
there is a definite relation of gene action to chemical reaction. This is ex- 
pres.sed as a one-gene to one-primary -function relationship. Possibly this 
primary function may be accompli.shed through a one-gene to one-enzyme 
relationship. Beadle, 1951. in a brief summary of advances in chemical 
genetics emphasizes that at present no clear ca.se of direct gene-enzyme 
production-chemical reaction has been proved. 

The relationship of gene to chemical reaction is the presumed ability of 
the gene to form a pre-enzyme or an enzyme that acts as a catalyst in the 
chemical reaction. The gene-enzyme-chemical reaction is brought out in 
Xcuroftpora in the oriiithine-citrulline-arginine cycle among the amino acids. 
Ornithine and citrulliiie are precursors of arginine and enter into its syn- 
thesis. The investigators found four genes that are necessary for the syn- 
thesis of ornithine. Building up citrulline from ornithine, carbon dioxide, 
and ammonia seems to occur in two steps. Under the infiuence of two specifii' 
genes, molecules of C'O-, and XH.; are added to the ornithine moh'cule. The 
next step, the addition of an N’T!.) molecule to that of citnillnu'. .'(‘cms to be 
controlled by another .specific gene forming arginine, ('omu' control is exer- 
cised through its heterocatalysis of an enzyme which acts as a specific 
catalyst in each separate chemical reaction of the .synthesis. After arginine 
has been synthesized, it may act as a building stone in the development of 
proteins, or it may break down under the catalyzing infiuence of the enzyme 
argiiiase and form urea and ornithine. 

The mutant strains which are iinabli' to grow on tin' minimum medium 
contain a mutant gene that blocks one step in the complex chemical reaction 
and thus prevents the arginine synthesis. Perhaps the mutant gene forms an 
enzyme that i.s incapable of catalyzing the .specific step in the chemical 
reaction, or it forms an enzyme that actually prevents a specific step in the 
reaction. Another possibility is that the mutation has changed the gene into 
an amorph that is incapable of forming an enzyme The necessary step in 
the synthesis then fails because of the lack of the catalyst. 

In the .syiithe:-is of vitamins, such as nicotinic acid of the vitamin- 
F group also studied in Xi urospora, the -pecific biochemical reactions were 
tound to he under a step-by-step control of definite gene>. While the one 
gene-one enzyme-one biochemical naiction hypothcsi,^ ^rill has supporter-^ 
an<l probably holds true in certain casc^. it i< not uuiver>ally accepted at 
present among investigators. Perhajis this i' too 'imple for many other 
cases. Current among many investigators is the thought that two or more 
genes may be involved in the prodin-tmn of a single enzyme. 'I'hen there is 
the further possibiliiv that a .single gene may mtiuence the production ot 
more than one enzyme. 
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GENE ACTION IN DEVELOPINIEXT OF SIZE AND FORM. 
Geneticists have been interested in the development of size in both plants 
and animals In most cases difference,-! in size are characterized by many 
features: dift’crence in chromosome numbers, dift'ereiices in rates of cell 
division, the number of successive divisions, rates of growth, and general 
vigor. Size in living organ^ms is generally dependent upon a large complex of 
multiple genes It is well known that orgamzer.s, hormones, or growth 
suhstaiii'es ha\'e great influence on the de\'elopmeiit of form and size. 
Among the.-e .-ubstance' hormones from the sex glands, thyroid, and 
pituitarv glamb are pronounced in their effects on size and form and on 
psychological characteristics in human beings. Although the development ot 
the.sc glands and the production of hormones are under gene control, 
>ppcifi(' gene action is definitely known in only a few cases. 

(;ene action \N1) the influence of hormones in 

DEVELOPMENT. Among the diu-tless or endocrine glands, the pituitary 
is normally especially active. Hormone.s of the pituitary gland influence 
growth and dovelopmi'nt .Vn inactive or underactive pituitary in the human 
being, re-ulriug m a lielicitaicy of ceitaui hormoiie.s. causes subnormal size 
and devtiupineut of tlie b(.)(.ly. If this inactivity starts early in development, 
a ctiild full- to grow to normal and remains diildlike through life. This 
condition is called infantilism ( H'lTactix'ity of the pituitary gland in human 
beings, jiruduciiig an e.xccss <,i certain hormoue.s, results in the production ot 
giant'. This coiiditioii i- called giantism, .\lthotigh development and ac- 
tivity 01 the itifiiitaiy gland are rh(.!Ught to be liereditary in the human 
being, exact data on the inheritance have not been worked out. 

Iiihentaiice of piruiiary development and hormone production in the 
ease fit a ihtarf nniii'e i- bi-tter innierstood. It has been found that the size 
of a normal moii'e ainl a dwarf mouse results from the influence of a single 
pair Ilf genes I'lirrhei' -tuilie- ha\ e sln.nvn that the gene for dwartness exerts 
It' iiilluence by i If 'rerini ning 'Ubnormal ilevelopmciit in the anterior lobe of 
the pituitarv giaU'i The n-'Ulting hormoue deticiency expresses it.self in 
dv arn-iii in the inoii'c. 

(d’.XL At lloN IN rilK DLVKLoPMENT OF PLANT HOR- 
MoNIN. ( 'crtaii. 'iib'taiicc' actue m promotin.g growth in plants are 
caiieil s oi jilaiit liortuoues (.ir. specitically. auxins. In a 

few ca'Cs the action oi gci,(., on the iiifltienee of plant hormones has been 
'tiiiiicd In coi n a -r rain of nnitanr pituit'. called nana. is much smaller than 
the i.ornia’i r\nics Xorrnai tuid dwaii maize plants are determined by the 
action or a 'ingc' jiair oi gfa An-ci/. tlie dwarl being homozygous reces- 
~i\c. I/, .oiii tlic norm,,., Ve- \'au 0\-erbeek found that in the dwarf 

nana nfcnl i.’.c norn.o. aritoiiat of one of the gi'owth 'Ub'rauce'. the plant 
hicniii!;'' .oi\c, c- . I ,\' pio.Iiiieil Ihc !i'i gene, how'ewr. determines 
till' loim.ftci: o; an ic./ynio ’.h’' h 'aoa'y/e' the a.biiormal ijxnlatioii of most 
ot the growth ' ii.-t;, oi c 'I'he u-'iilr > thtit there is a rediii/tion of growth 
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hormones in the nana plants. The deficiency in the hormone is thought to 
be the cause of dwarfness in the nana plants. 

Another variation in corn is found in a strain in which the plants show an 
inherited tendency to grow horizontally on the ground. These plants are 
called “lazy” corn plants. Normal and lazy plants are determined by the 
gene pair La-la, with la-la plants of the lazy type and La- normal. A normal 
corn plant, if bent down, soon grows upward again. Lazy plants, if bent 
down to a horizontal position, continue in that position. Van Overbeek 
found that the la gene disturbed the normal di.stribution of the growth 
hormone, auxin, and this resulted in the lazy habit. When normal corn plants 
are bent to a horizontal position, the growth hormones tend to move away 
from the upper side and to concentrate in the lower side of the stem. The 
presence of excess growth substance on the underside of the stem stimulates 
a greater amount of growth on the underside than on the upper side where 
growth is slowed down and causes the stem to turn upward again. In la-la 
plants the downward movement of the growth hormone is inhibited by the 
la gene, and the plants continue to grow horizontally. Lazy corn is thus an 
inherited character developed through hormone action that is detinitely 
under gene control. 

GENE ACTION IN THE DEVELOPMENT OF FORM. The shape 
of the fruits of cucurbits such as stiuash. goiuxE, and melon' vanes. Some 
fruits are round, some disk-shaped, others bottle-shaiiei.l. and still othei> 
elongate. In most cases the shape is determined by one or two or, at most, by 
a few pairs of genes. Sinnott has demonstrated that form in thoe fruit 
types is independent of dimen.sions and of size and is develojted as a result of 
different rates of growth in length and diameter. In spherical forms the rate 
of growth is about the same in all direi-tion.s. Dift'erence.' in the rate' of ctdl 
division in the different primordia and the orientation of the mitotic- 
divi sion spindles, the direction of greatest cell elongation, all under gene 
control are also involved in the develoi)ment of f(,irm in the frtnt' of the 
cucurbits. From data on other studies of dewlopmenl, pu'.'ibly the gene.s 
det ermining fruit shapes exert their intlueuce through <'ontrol of distribu- 
tion or amounts of growth .sub'tances of the plant. 

DIFFERENTIATION OF ORGAN.-4 .VND TISSEES IN ANIMALti. 
In the early development of the animal embryo, the various organs and 
t!^sues appear to be under the control of organizers. Beadle, referring to 
organizers, suggests that they may be regardeil a' the •'hormones" of early 
development, although the name is not u.'Ually applied to them. Because 
the various species develop different sorts of organ>. organizers may be 
considered to be under the influence of genes. Holtfreter has .suggested that 
in the .\mphibia the developing embryo comes under the influence of a 
succession of organizers, the primarj, .'nconda'' i. luilar',. etc. The primary 
organizer, active in the very early stages of development, iiifluence' the 
differentiation of the larger parts or regions of the embryo, such as the head 
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and its grosser parts, the notochord and lateral plate. A series of secondary, 
tertiary, etc., organizer.-' next influence the gills, mouth, teeth from the head 
eiidoderm: the midbrain, eye lens, cornea from the head mesoderm; the 
ectodermal layer and skin from the lateral plate; and the lumen of the gut 
and neural tube from the notochord. 

The influence of the organizers has been studied through tis.sue trans- 
plantation. In the early .stages of embryonic development, small portions of 
tissue may be removed entirely or transplanted from one part of the embryo 
to another tvithout interfering with the normal development. After the 
organizers have had time to exert their influence, removal of a piece of tissue 
will leave its mark in the production of an organ deficient for that amount of 
tis.sue. T ransplantation experiments .show the lasting effects of the organizers. 
A piece of ti.s^ue or a developing organ that has been under the influence of 
an organizer for a certain time is fixed and will develop into a specific 
organ, ri'gardlc's of its position in the embryo. For example, the developing 
eye of tlu' amphibian embryo may be removed from the head and tran-s- 
plaated to .-ome othei- region of the body where it continues its development, 
forming a lens much as it would have done in its normal position. 
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Extra Nuclear Inheritance 


special Parental Influences in Development of Embryos 

Observations of early staoes in the development of the fertilized eggs of 
animals suggested the possibility of ci/fopla^niir inlu ritana . The unfer- 
tilized egg has definite polarity, stratification, and to some extent differen- 
tiation of the cytoplasm. Polarity to a great extent determines the early 
cleavage lines in the fertilized egg. Certain differentiated regions of the 
cytoplasm of the animal egg develop into definite parts of the embryo. 
There is evidence that in plants also the early cleavages of the zygote are 
to a large exteirt predetermined by the polarity of the unfertilized egg cell. 

iMATEPiXAL INFLUENCES. Following specific and generic cro.-'ses 
in lower animals, as in sea urchins and some of the lower fi.^he.-;, the fertilized 
egg develops into the embryo under maternal influence. At fir.^t this seemed 
like a type of cytoplasmic' inheritance However, it is now known that 
polarity of the unfertilized egg, determining the position of the early clea\-- 
age planes of the zygote, stratihcation and differentiation of the egg cyto- 
plasm marking out the parts of the young embryo, and the rate of growth 
of the embryo are all predetermined itiidei' the influence of the genes of the 
lemale parent. In many other cases the similarity of the emfiryo and the 
juvenile forms of the Fi hybrid to those of the maternal specie' lut' been 
accounted for by the extrusion of the paternal chnimo'omes from the zygote. 
The embryonie development was therefore actually under the influence of 
maternal chromo'omes and genes, and there is no real etddeiice of cyto- 
plasmic inheritance in these cases. There may be a prolonged mnfi rnnl 
injiitma hut not inuh rued cttophismic inhi ritnnri . 

Another instance of maternal influence is the classical ca-e of the shell' 
of snails. Following reciprocal crossC' between the dominant dextral. l>lK 
and reces'ive sini>tral. dd. of the coiling types of 'iiail', the Fj is hererozy- 
aems dominant. Dd. Nevcrthelc.ss. it alway' develop' aci/ordiun to the 
iiiaternal tv’pe of coiling. Tlie type ot coihna is dependent upon the jto.'ition 
or tilt of the- mitotic spindles in the early clea^■a<le 'taaes. and thi' onenta- 
''oii of the mitotic spindles is determined by tin- maicrnal geiic'. IntetC't- 
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ingly enough all F: lndi^'iduals in reciprocal crosses develop the dextral 
type of coiling. This occurs because all FiS are heterozygous dominant, Dd. 
and orientation of spindles is under the influence of the dominant-dextral 
gene, D, present in the Fi females. Xot until the Fs generation is there 
segregation into the expected 3 dextral; I sinistral coiling forms. Phenotypic 
expression of the genotypes is thu.s delayed because of the relationship 
between coiling and the early cleavages that are predetermined by the 
maternal genotype-. While the.se ca.ses show maternal influences, they are 
ill no wise uoiigeuir phenomena but. (luite the contrary, are good examples 
of Mendelian heredity under .-pecial couditious. 

Plastid Inheritance 

Mo.st plant cells contain small jirotoplasmic bodies called plastids. 
Some of the pla-tids contain carotenoid.- that are associated with the 
det'elopmeut ot the vellow and orange-red colors of plant parts. Other.s. 
containing tlie green marcu’ial. chlorophyll, are of primary importance in 
the .synthesi' of carhohydrate-. The leucoplast.s, young stages of both 
type-, are coloiie---. Pla'tid- are presumably derived by division of pi'e- 
existing pla.srid' and have been regarded as an illustration of nongenic 
inheiitance. 

Since pla-rids con-titme a di-tincf and po.-sibly an independent system ol 
entitle.- witliiu ilie ryoipla'in. rlie influence of nuclear gene.s on their be- 
ha^■iul■ merits diseU'-mii .Many in.'tanccs are known of the influence ot 
gene- iii the production of the yelh.iw. orange, and orange-red colors ol 
flower- and unit- a- an- a luiin.lieil or more in which the production ot 
sugar, dextrin-, and -tah-h i- under the control of identified genes. In 
chlorophyli de'.-elnpmcuT m- dcrieicncy otlier hundreds of cases are known to 
he under gene cuiitrol .Vgain-r tin- array of geuo-controlled plastid behavior, 
a relati\'ely few tn-iaiice- appear to he exception.- to regular Mendelian 
heredity and gene I'onTro! 

Many of rlic -ii-pei-rc<i i-a-i'- of uuiigenic inheritance of chlorophyll 
deticieiicii - have Oee|, iriiin(l m plant- witli 'variegated leaves and -terns, 
the id'xi /;///•>; iyp(- nf bntanieal literature In these plants the leave- 
show irregiiiar p.itehe- Mt gre.-n and white. Some plants are all green, some 
all uhiTe and I idiei - 'Airieaateil ' Fig ltd' In variegated types such a- occur 
in niai/e. ilieie an- aUei n;, iina -tnpe- nf dark- and liglit-green, yelkiw, or 

whur' ti-'iie 1!' th- ,ea ve- I 'i- 1— e- among i-ertam vai’icgated Of albo maculata 
t\ pe- ha'.'e -ee-nieii tn furiii-li e'. ideiiee ^•ontirming nongenic inheritancts 
'Idle inheiitanie n! tl.e aAio maeiilatu cuuditntn i- apparently through the 
female pareij on.y .M M lilioade- ha.- -aid. ''I’hese chlorophyll varie- 
aa.t on-, ri'an-niA't o rhr'ingh the lemaie hue only, con-titute the mo.-t com- 
peinna e'ait 's' i"! .vtiip,a-imr inliei iraiice, 

.■-iinie ;:i'. I '! :aao a . tap e Piieipteted thi- apparent iioii-Mendelian ni- 
lie! itanee a- a, thp-.i rvtw , heiedity in which the pla-tid- thcrn-elves aet 
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as hereditary units, hence the idea of the plastidome or plastome in heredity. 
Writing of the clear evidence of nuclear control in plastid behavior in some 
instances and not in others, Darlington said. ‘‘It is equally clear in other 
cases that the plastid is as autonomous and permanent as any gene." Others 
also, as, for example. Renner, are of the opinion that plastids are them- 
selves hereditary units and might show changes like mutations of genes. 



Fig. 161. A Variegated Plant. 


MATERNAL TRANSlvIISSIOX OF THE ALB( ) MAC TLATA TYPE 
OF CHLOROPHAXL ABX( »R1MALITY. Reciprocal cro^'e.' between 
normal green plants and the varicgateil or albo maculata type? have yielded 
unlike Fi generations. When normal green i)lant' were u.-ed as the female 
parents and variegated plant' a' the pollen parent', the Fi plants were 
normally green. The reihprocal cro.'S produced a mixture of green, varie- 
gated, and occasionally even completely white plant.' showing an apparent 
predominant female influence on the offspring Thn kind oi maternal influ- 
ence may be iletermined by the traii'mission of the eytophi'm and the con- 
tained plastids into the zygote almost exclusively through the egg cell, 
because the male gamete contributes little or no cytoplasm and few if any 
plastids. 
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THE INHERITANCE OF CHLOROPHYLL ABNORAIALITIES IN 
MAIZE. Anderson reported maternal tran.smission of an abnormality in 
maize expressing, it.self as pale-green stripes on the otherwise dark-green 
leaves. lYhen the plant was self-polliiiated, seeds yielded normal green, 
pale-green-striped, and pale-green seedlings. Because of chlorophyll de- 
ficiency, the pale-green seedlings died. Pollination of abnormal plants with 
pollen from normal plant' again produced seeds which yielded green-striped 
and pale-green sc'edlings fFig. 162j. Tests of pollen, however, from the 
original .'triped plants on unrelated normal plants failed to produce the 



Fm. P'ri, ( 'Ht.oaoi’HYLL Dkfk ikn. y .showx by Alterxa i 1. Orki.x and Nonorcf.x 

IN T.i.avi.' of Maizl. 

(’oiiif.-v E ii .\ucif‘i'on. I'rom Rotnh. iriiz. 76, 1923. ,i 

abiioriaalit\' in either the lii't or 'ceciud generation. These tests were inter- 
preted a- indicating that the jihi'tid pnniordia from the rnaten'iial plants 
traii'inirted the chloroplivli abnormalitv 

A 'imilar .hlorophyil abnormality wu' explained by Jlemerec on the 
a"Umptioii' oi gene control oi plastid' ainl the iiiHuenee of 'pecitie genes 
thtit 'hotted exct'ptiomd frei ptciicy of mutation in somtitic ti"Ue. 

THK [XliElHT.KNCK ( >F CENE-INDLCEI) CHL( tROPIILTL 
,\BN( tRM.VLIIA , Bei aU'e of its elear relatiou'hip with the well-known 
recossit'e neap aene. -p. in maize, a thinl i-ase oi maternal traii'inis^ion of 
ehlorophyl! aorcrir.a.ttie- a-'iime' eini-iderable importauce In the Intmozy- 
goii-t 'tate, the nrai) uei.e manliest' Itseii b_v producing lifeeu and white 
.'tripe'. A ithin the imht area', the plustids are smaller than normal and 
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develop no chlorophyll. The dominant allele, Ij, condition.s normal-sized 
green plastids throughout the plant. Rhoades in 1943 reported that the 
abnormality conditioned by the recessive-mutant iojap gene, ijij, wa.s trans- 
mitted through the maternal cytoplasm where it appeared to persist regard- 
less of the genotype and independeiit of genic control. 

Table XLIV 

Reciprocal Cro.^^-ej. Ixvolvi.vg Variegated Plavts 


Xormal green plant 
X 

\’anegateil plant 
Fi normal green 


\'ari(‘gated plant 
X 

Xormal green plant 
I'l In vaaou^ proportions of — 
Xorinal green 
I’ariegatfd 
sfoiiie pure white 


Rhoades found that Fi progenies, fjij. of crosses lietwecn green plants, 
IjlJ. and mutant-striped plants, ij/j. were phcuotypically normal green when 
the female plant was normal but showed a variety of chlorophyll types 
when the female parent was the mutant-striped plant (Table XLV), His 
explanation of these unexpected results wa.s based on the a.ssumption that 

'J'able XL\' 

Reciproi'm, ('ros-:es I .vvoi.vi vg \ C'li I ORopHY i.i. Defuiexcy 


Xonnal gict-n X Mutant striped 
iJ‘j 

1'. !j'J 

All normal green 


-Mutant -'triped X Xonnal green 
U’J Ijlj 

K, h'J 

\':UT(‘ty of chlorophyll types 
Normal green 
striped green and white 
Completely white 


egg cells arise from different tissues of the maternal plant. In the \-ariegatcd 
female parent, egg cells originating from normal green area.s .supposedly 
contained noi'ina! green chloroplasts and when fertilized would give ri-e to 
normal green plants. Egg cells originating, however, from an area of white 
ti.'sue with the mutant tt'pe of 'Uiall colorle." pla.stids wlieii fertilized might 
be e.xpected to give rise to white plants. An egg cel! originating imm some of 
the variegated ti-siu' might contain both normal and abnormal plastid' 
and gice rise to a t ariegated jilant by --ejtaration ut the two types (ji pla-tid- 
during the somatie det elopment oi the embryo. 

Further data were obtained from backcros.-es ot a heterozygous 1 1 . 
Ijij. to the homozygous Pi, Ijlj. Xorraally the tiaekcross w ould be expected 
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to yield genotypes Ijlj and Ijij in a 1:1 ratio with phenotypic expression, 
because of dominance of the Ij gene, in a progeny of normal green plants. 
This phenotypic condition, however, was not realized (Table XL\I); 
again there was a variety of types, including white seedlings. 

Rhoade.s empha-sized that these white seedlings constituted the best 
evidence of plastid transmission through the cytoplasm contributed by the 
female gamete and of pla.stid development independent of genic control. 
In each of the genotypes, the pre.-'Cnce of at least one dominant Ij gene would 
be expected to condition the development of chlorophyll in the plastids. 
Here is a case in which a change in the plastids was induced by the action of 
the recessive allele of Ij-tj. But after the change, the modified plastids 
seemingly had a genetic continuity uninfluenced by the nuclear genotype. 
Even in cells homozygous for the normal chlorophyll gene, IJIJ, the plastids 
continued to multiply in their changed state which became permanent. 

Tiihh' XLVI 

B.u ki ro" Proge.n'y Involvi.vg Chlorophyll 
Deficiency 

1'; Vniii'siati'il jil.'ints X Xoriiial grwii plant.? 
l.i'J 

Hackc-m — ]iioi:i-ny i:cn<>typc.-c Ijij a.ni\ Ijij 
HackiTo — poiin-iiv plu'iiotyiics 
XoniKil iii-i • n pl.mt' 

X’.ani’iititr.l ])l:int.' with trrccn ami white stripes 
( 'nii.jili n 1> u hire s,it., Hinas in which the pla?tid.s 
Im-k ‘ iilntopiiyll ivaar.llc'S III the genotype 


Relationships of Genes and Plasmon 
Soiineboni in a di'cns'ion cif chromosomal gene.s and cytoplasmic units 
of till' nlarinon i IPol' dniinguirhe' five iuterrelationship.s. Under (1) he 
include' l•hall«ie' indiirPil by ncne' in plastids, such a? mtitation to a form 
iiicnpabli- lit prndncni '2 clil(n' 0 ])hyll im reported by Tdioatles and discussed 
abnvc 2 < ii'tiC' cninrol l•nnct•ntratiotl of cytoplasmic particles as kappa, 
or iil.'i'tnl numlic!'-- ii' in jHilyplnids compared to diploids and haploids. and 
finally tin nuTm hondria tjiat arc likewise more numerous in diploids than 
in haploid' iH ( Icnc' ai'c 'Uspectr'd of acting as 'elective agents on selt- 
dnplii aTiim' cytopja'mic 'trucriues. such as different type.s of plastid.'. 
mitochnndi'ia. .I'ni Inppn and particles t4i A cooperation of genes 

with the pla'iiioii has bccii a'sumed in cases in which neither alone ap- 
parently determine' .a trait There may be an interaction between the two or 
po-'iblv rlv di vc'i.pmenr of the hereditary trait in response to a change in 
eirher the chrorriO'iim..l aenc' or in the cytopla'm, siicli a' some types ot 
chlorophyll i ic- clopiiii'ni Ii In a tinal cla's is included a relationship in 
whii h I h' oiin iina. acic' ilrrermine alternative phenotypic trait' hut. 
once c'tabli'hed. the 'rair i- perpetuated by the cytoplasm through a period 
of mult: jf icatioti Pii"ibjv environmental factors such as temperature may 
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be involved in a change of phenotypic expression which then tends to persist. 
This is a type of interaction between genes and cytoplasm that may be basic 
to the phenomena of: (a) Bauer modi fikationen or persistent modifications, 
(b) plastid variegation in plants, (c) some types of sex determination found 
in algae, and (dj possibly cell differentiation. Sonneborn points out that 
Correns, interpreting plastid inheritance in plants, approached the con- 
ception of this fifth type of relationship and interaction between genes and 
cytoplasm. 

Cytoplasmic Inheritance 

Besides the plastids there are visible mitochondria, also possibly heredi- 
tary units of the plasmon. In some cases it is known that both pla.stids and 
mitochondria are under genetic control. Polyploid series are known in which 
their numbers vary proportionately with the chromosome numbers. Among 
the ultramieroscopic entities which may possibly be concerned with cyto- 
plasmic inheritance are viruses and the hypothetical plasmagenes or cyto- 
genes which some investigators locate in the cytoplasm. The hereditary 
materials of the plasmon carried in the cytopla.sm are designated by Greek 
letters, as alpha, beta, kappa, sigma, etc. 

Evidence for cytoplasmic inheritance is found in the classical experiments 
of von Wettstein, of Renner, and of Lehmann, drawn from the unusual 
phenomena of unlike reciprocals in wide species and generic crosses in 
plants. Reciprocal crosses usually produce similar F i generations. 

RECTPROC'AL GROSSES ' BETWEEN SPECIES OF MOSSES. 
From 1920 to 1930 von Wettstein .studied the problem of cytoplasmic 
inheritance. Reciprocal cro.sses between various strains or races within a 
species of mo.ss showed no Fi differences, but reciprocal crosses between 
species and genera were freiiuently unlike, with a tendency for the Fi to 
resemble the female parent. Von Wettstein placed diploid Fi hybrid spuro- 
phytes in culture media and by the process of regeneration grew pro- 
tonemata. the early gametophytic stage-. The.-e were 2X like the diploid 
structures from which they grew and developed into diploid gametopliores 
or •‘moss plants" which in turn produced 4X or tetraploid sporophytes 
following fertilization. One .series of experiments dealt with the moss genus 
Fnnaria. which shows species differences in both gametophytic and sporo- 
phytic structures. Fnnaria miilihrranta, for e.xample. has a gametophyte 
bearing leaves which taper greatly, become filamentous at the apex, and 
have midribs which end abruptly beneath the apex. In this species the 
paraph\'.-es. the sterile structures among the -ex organs, consist of spirally 
arranged oval cells. The sporophyte.s bear small capsules which have tall 
sharp caps or opercula. .\nother -pecics. Futioria hggromi fnea. has a aameto- 
phyte bearing leavo^ which end in a broad fiat apex, the midrib- extend into 
the apex, and the paraphv-e- are compo-ed of spherical i-eli- arranged in 
straight rows. The sporophytes in this case bear large caii-ule- with broad 
flat caps. 
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Reeiprocal hybridization of these 
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two species of mosses produced 2X, 
or diploid, sporophytes which were 
unlike. In the combination Funaria 
mediterranea ivithF. hygrornetrica. the 
Fi sporophyte capsules were very 
similar to those of the female parent. 
In the reciprocal combination the F i 
sporophyte capsules were also like 
those of the female parent Funaria 
hygrornetrica. 

To learn the effects of reciprocal 
crossing on the gametophytic struc- 
tures. von Wettstein applied the tech- 
nique of regeneration, producing 
protonemata from the hybrid sporo- 
phytes. As the protonemata and the 
mature gametophytic structures de- 
veloped. these too showed the resem- 
blances to the female parent in recip- 
rocals. Von V'ettstein attributed the 
matroclinous tendencies to the effects 
of the cytoplasm derived in quantity 
from the female parent. Accordingly 
the development of some of the plant 
characteristics was conditioned by 
the plasmagenes or cytogenrs as others 
have designated the hereditary units 
in the cytoplasm. This conditioning 
elfect is compared with the effects of 
the genes of the chromosomal gen- 
ome in ordinary Alendelian inherit- 
ance, The plasmon is then to be 
regarded as the material basis of 
cytoplasmic inheritance. 

RECIPROCAL CROS.-^ES IX 
EPILldBlFM. Species of Epiluhium. 
commonly known as the willow herb, 
were exten.sively inve.stigated by 
Renner and by Lehmann and their 
a.'^sociates. Cro.sses between varieties 
within one specie.s of Fpitohium pro- 
duced Fi generations that were alike 
»cies were crossed reciprocally, the F, 


plant' diffcrcii a' in the mo-'C' de'cribcd above i.Fig 1 6-3 n When the cross E. 
rosturn with E. hirsut'irn was made, the Fi plants were tall, erect, had an 
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open habit of growth, scanty branching, and bore fertile flowers. From the 
reciprocal combination the Fi plants were short, bushy, profusely branched, 
and bore reduced and nearly sterile flowers. In each ease the Fi plants re- 
sembled the female parent. 

Here, too, it was assumed that the cytoplasm of the maternal parent had 
a predominant influence in the development of the Fi embryos. Renner ex- 
plained the unlike reciprocal hybrids on the basis of action of certain heredi- 
tary units in the plasmon. located in the cytoplasm. Lehmann, however, 
postulated that different nuclear constitutions reacted variously in different 
cytoplasms and that the cytoplasm influenced the reaction of the chromoso- 
mal genes. Later studies by other workers appear to confirm Lehmann’s 
interpretation. iSIichaelis remarks that possibly these matroclinous tend- 
encies are not confined to crosses in Epilohiurn. They may also occur in 
other plants. 

THE CYTOPLASMIC INHERITANCE OF 3.IALE STERILITY IN 
MAIZE. In 1933 Rhoades reported on an extensive investigation of male 
sterility in maize. This case stands today as one of the most thoroughly 
investigated instances of extra nuclear transmission among plants. The 
abnormality expressed itself in extensive degeneration of the microspures, 
resulting in scant \'iable pollen. A few plants, howe\-er, produced some good 
pollen. The abnormality was transmitted entirely through the female 
parent. The scantily produced normal and viable pollen from male sterile 
plants did not transmit the abnormality to the progeny. 

Rhoades failed to find any gene conditioning this abnormality. In the 
male sterile plants chromosome behavior was normal during meio.'is and a 
quartet of spores was formed from each microsporocyte. .Soon, howewr, 
degeneration of the microspores was ob.served. Comparisons of micro>pores 
from normal fertile plants and the abnormal male sterile plants showed a 
marked difference in the number, size, and shape of the cytoplasmic ele- 
ments which were considered to be plastids or plastid primordia iFig. lG4i. 
Some normal-appearing microspores were found among the degenerating 
ones. Furthermore, cytoplasmic differences were reported in the somatic 
cells of normal and male sterile plants. 

Rhoades was careful to point out that, regardless of marked difference 
between the cytoplasmic elements in normal and male sterile plants, the 
abnormal cytoplasmic elements could not be assumed to cause degeneration 
in the microspores. The abnormal cytoplasmic elements merely represented 
a stage in the degeneration of the microspores. and whatever earned male 
sterility also caused changes in the cytoplasmic elements in the cells of the 
abnormal plants. The transmis.sion of this type of male sterility appears to 
depend entirelv upon nonnuclear factom. Rhoades emphasizes, however, 
that some types of male sterility are conditioned by recessive genes. 

This investigation has furnished some of the strongest eviiience for non- 
genic heredity, and Rhoades himself realized that the results might be 
interpreted as supporting the hypothesis of cytoplasmic inheritance. He 
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was careful to point out that there was little evidence regarding the nature 
of the causal cytoplasmic elements. Ehoades states that the idea of a 
diseased cytoplasm, proposed by Correns, offers a more logical explanation of 
this case of male sterility than the hypothesis of hereditary units in the 
cytoplasm. 



Fig. 1(54. Mi(-ro.>.porO( ytf.s of Maize. 

The cell to the rifiht 'Ikiw-: .i|ipp:ininrc of bodies iiomially in the cytoplasm. The 
cell to the leit -hoV' an almorm.tl microspoi'Dcyte characteristically pioduced in 
plants showinsi male sterility, (foiirtesy. M. IM, Rhoades, from XXVII, 1933.) 

THE ACTTOX OF THE KAPP.V :tL\TERIAL IX PARAMECTEIH. 
A ract' of the ciliate, Para tyirri um ann Jia, which makes the fluid in which it 
live' poi'onou.' to mo.'t (.uher rai-e.s of pararnecium. ha.s been called a ‘'killer.” 
Sunneb(.irn ha.' inve.'tigated the inheritance of the killer c.sc the nonkiller 
trait' and hu' concluded that the alternative characteri.stics are determined 
by the allelc' K-k plii' a cytoplasmic material called kappa. The kappa 
material appear' a' extremely 'inall bin micro.'cupically visible particles in 
the cytopla'tn The number ol ka/jpa particle.' depends directly upon the 
numfier ot K acne' in tlie genotype. A genotype of KK determines that there 
will be about 41)1) kappa partich*' in the cytoplasm of each pararnecium. 
Kk determine' about 200 particles, and with the homozygous recessive, kk, 
there are e\'enrually none. 

Ibu e' aie killei' only when both the dominant gene K and the cyto- 
pia'inw iiKiterial iappa are pre'eiit : they are uonkillers. regardless of the 
genotype, when hippn i' a'h'ent. Oenotype.s /;/; with lappa present in the 
eytopla'ii! remain kiiliT^ through sevi-ial tts.'ion generations, then they lose 
their iappa material and their killer quality and thereafter remain non- 
killers. In tlie't' 'xtse,., appuroiitly Poppa i' i-oinpletely and permanently lost, 
for et c!! with the inrroilu' tiot. of the /v gene through mating kk X KK. 
there i' nci kidcr etti-.-r It, however, rite mating /:/: X KK i.s made belore 
the i'appa material i' io't. the lutroduetiuu ol K maintains the killer efid t 
and doo- thi' even if the KK parents, lacking kappa, are themselve' non- 
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killers. These results are regarded as evidence that the cytoplasmic material, 
kappa, alone is responsible for the killer C|uality. Further it is thought that 
kappa is not self-perpetuating and its continued presence is dependent upon 
the action of the K gene. This is apparently the only fuiietiou of K, as 
experimental evidence indicates that a K genotype cannot initiate the 
production of kappa. If, however, some kappa material is present in the 
cytoplasm, the introduction of the K gene maintains and increases l:appa. 
Sonneborn suggests that the gene K works through the cytopla.smic kappa 
to produce a killer substance, paramecin, that kills paramecia lacking kappa. 
The kappa material is only in the cytoplasm; paramecin is only in the fluid 
in which killers have lived. Sensitive organisms are actually killed bj' para- 
mecin. not by kappa. 

The following summary has been offered. The kappa material is: (li 
absent from the migratory gamete nucleus, (2) pre.sent in the cytoplasm of 
killers, (3) essential for the development of paramecin, the killing agent ot 
killers, (4) physiologically active even in the ah.sence of the gene K. {a, 
dependent upon the gene K for its increase and unable to persist when K is 
replaced by the allele k. and (h.i not initially produced by gene K or any 
other gene in the killer race. (7) Paramecia with genotype KK have twice 
a.s much kappa as heterozygotes Kk. 

The dominant gene K is (I ) unable to initiate the production of the kappa 
material and (,2) controls the increase and maintenance of kappa when that 
material is already present. KK or Kk plus kappa = killers; KK or Kk plus 
l:appa may also = nonkillers The latter group though genetically and 
cytologically killers are phenotypically nonkillers. This rai-^es a (jnestion, 
why are they iionkillers when they have all of the eijuipment to make them 
killers? 

In certain cases autogamy or conjugation in a nonkiller KK pin.' kappa 
race restored the killer function. This suggested that even though KK and 
kappa are both present, whether the race is a killer or a nonkiller may 
depend in some cases upon the concentration ot the kappa material present. 
It was thought that the killer quality was restored in thc'C nonkiller KK 
plus kappa races through autogamy, because autogamy doubled the amount 
of kappa thus increasing it to tin* killer level. 

In some case.' killer races gave rise to killer and nonkiller lines through 
fission multiplication alone, presumably because there was an uneipial 
divisiiai of the kappa material during fi.ssion. It has also been found that 
fertilization between nonkiller and nonkiller as KK plus kappa X KK minus 
kappa may also yield killer types. Tliis was accounted for on tlie theory that 
through slow or delayed separation of the conjugants. some cytoplasm 
containing kappa was passed into the nonkiller KK minus kappa organism, 
which then through autogamy could produce killers. 

The gene K is regarded as a self-duplicating physiological agtait. K 
reduplicates itself and the kappa material which is supplied to the cytoplasm 
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Combining with kappa. K is able to catalyze the synthesis of more kappa 
material, which is apparently able to function only in its detached location 
in the cytoplasm. 
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Sex Determination and Sexual Types 


Among sex types in animals are' (li monosexual individuals, normal males and 
normal females: (2) bisexual individuals, the normal heimaithrodites in lower animal 
forms: and (3) several types of .sex deviations and sex intergiades. In monosexual 
individuals the normal male has only one kiTid of sex glands or goiunb. the testes 
producing only male gametes, the sperms. Normal females have only the female 
gonads, the ovaries producing only the female gametes, the ova or eggs. Besides the 
primary function of gamete production, m many instances male and female animals 
are distinguished by secondary sexual characteis, such as ditt'ereiices in horns m 
sheep, deer, and other animals, plumage in fowls, or beard and the lack of it m the 
human being (Fig. 165-169). The development ot these secondary sexual cliaiacteis 
is influenced by the sex liormones from the sex glands. 

The sex of an individual, a vastly more significant character than the coat color 
of an animal, the flower color, or color of some i-ellular laver in a seed, may he 
assumed to be determined by a genetic basi.s of genes .-nul chromosomes. An ade- 
quate consideration of sex determination and sex dirt'erentiation must include tlie 
interaction of the following three groups of factor.s. 

1. The hereditary basis, genes and chroniosuines in the genotype and karyotype 

2. The influence ot the physiological conditions within the developing organism 
including various kinds of hormones from ductle'.s glands other than the sex 
glands 

3. The influence of the environment surrounding the developing organism. 

The final expression of the sexual characteristirs in an orpinnsoi the nsnltant nf the 
inf lienees of all the genetic, physiological, and enrironmental factors concerned in their 
development. 
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chapter 23 


Sex Determination and Sex 
Differentiation in Animals 


The processes of sex determination and of sex differeutiation are corre- 
lated in the development of sexual types. :sex determination is cytologically 
and genetically based upon tlie mechani.sius of rueio.sis and fertilization. 
During meio.sis se.x chromosomes, carrying the ba-ic .'Cx gene.-', are dis- 
tributed to the gametes. Fusion of the gametes then brings t(; the zygote the 
fundamental genetic basis of sex determination. Sex differentiation iiu-olves 
the further development of the ditf'erence.s bet\\'eeji the male and female. In 
the process of sexual ditf'ereiuiation. phy.siological and .sometimes environ- 
mental conditions have a part. The sexual development of the individual i.s 
influenced by hormones produced in the ductle-s o-laiids of the animal body. 
The de\'elopment of many of the s(»fondarv sexual characterisric.s is funda- 
mentally influenced by the hormones from the spx glands. In the developing 
embryos of the higher animals, the priniordia of the sex characTeri'tics 
apparently remain completely neutral tor a i-onsiderable period. Alter a 
time these priniordia one after another come under the influence of the -ex- 
determining gene.s and other dihereiitiating fartoi--, and eventually either a 
male or a female is developed. ( lold.-i-hmidr refers to a turm'/tii potrit in the 
growth of the embryo at which the genetic tai-tors become ojn'rative and 
direct the development toward either male or female l■haracTeI■istics. 

SEX f'?rRO:\I(T's( )MES AXD .M'Tt ).'^( )MES. Two kind- of chromo- 
somes are recognized: (D the sex chromosomes, aFo railed the X and Y 
chromosome-, acce.-sory or odd chrorno-omes. idio-ome-. herero-ome-, and 
allosomes, that carry the genes primarily cum-erned in -ex determination, 
and ('2i the autosomes that contain many geni- conrerned with tlie pro- 
'hi'-tion of -omatic charai-tei- but in some anmiai- ai-w carry gene- whicli 
directly influence se\. 

In the common fiuit tlv. D/s/.-ep/'o/n /;<. /(//"raor tlwre ale loui pail- <>1 
In >mnlog< > 11 - cht'i irao-i inie- Fig. 1 A t ■ I hn-f pair- are t he auti i-i me- a i id a i <■ 
identieal in male and female flie- In the female, the -ex or X Airomo-oine- 
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Fig, 165 Hmrn Developmi.xt ia Mimi'H. 

Top. ino<.-e. H'n.'ion Lake, Lola National Foro't, Iiiaho, ■ihowina ehaiacter- 
i'tif' hrini G.pv. li.pn’.ent of male. Bottom. ehararteri'tiiMily hornlP" row moose, 
Portaup, .Yhi'ka, B'lll paoo«p poijrtesv. K, D, Swan and LL S, Forpst Service: co'V 
ir.nosp coiirtpiv, ,J, Maicolm (ire.anv and T’. •>, Fish and Wild life Service.) 
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Fig. 1(3*). Horn Di.vrlop.mlnt in Elk. 

Two bull elk, right, charaeteristicully hoi’nc<l and one cow, left, hornlos?, from 
Jackson Hole, Wyoming. (Courtesy E. P. Haddon and U. S. Fish and Wildlife 
Service.) 



Fig. 1(17. Bi'on ok Amluican Buffalo. 

Right, the larger honi-. and e.xticnu’ burliness of the male of this ipecies ate 
chartictei i>tie. Lfft, bi.son cow? and calves in contia't with the male. (Wale courtes\- 
Kenneth Weaver; cows and calves courtesy. E. P. Haddon and U. S. Fish and Wild- 
life Service.) 

are also alike, but in the male the .sex chromosomes are unlike. One i.s an X 
chromosome like the two X chromosomes in the female. It.s homologue, 
slightly larger with a curved portion at one end, i.s known as the Y chromo- 
some. The female flies therefore have XX -f- 6 autosomes and the male 
flies XY -r 6 autosomes. 
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chromosome, the resulting zygote contained only one X chromosome, 
XO + 6 autosomes or X zero + 6 autosomes. These exceptional XO flies 
were male regardless of the lack of the Y chromosome ordinarily present in 
males. It appears likely that the Y chromosome has little effect upon the 
actual determination of sex. There arc indications that in Droaophila it is 
also a blank as far as other hereditary somatic traits are concerned. The 
XO (X zero) male flies have all the expected somatic traits of normal males 
and apparently differ from them only in being sterile. Since the number of X 





Fig. luff. .'^i;x Diffliu x( ia ix Tcrki.V' 

Xnte the p.-irticiilarlv laijiei 'ize ef tlie Cdck at right. '( 'oiu tC'V. A (4 .Schilling. 


chromosomes present in the genotype constitute' the fundamental genetic 
feature of sex detei'mination in Drosapiiiln . XX — (1 autosnmes prut'ide the 
genetic basis for the det'clojunent of a female, while the X — b auto'omes 
with or without a Y chromosome condition the development of a male 

The type of sex determination known a.s the XX-XY type is the genetic 
basis of sex determination for a large number of animals of diverse type', 
including Drn.^opjiiln and other in.sects (.Fig. 170;, some of the H'hi‘'. anrl 
pos'ihly all mammals inclnding man. 

TYPES OF SEX FlETERAriX-VTK »X. Within the wide range of liv- 
ing organi.sni.'. several di.'tinct meilnxls of .'OX ueti'rnunation. each with a 
dil'ferent genetic ba'is. hat e been tound. a' iollows; 

1. Sex chromosomes apparejitly urAlilreientiated anti therelore not 
identilied. It mav tie 'upposed that the genC' determining spx are located in 
cei'tain antosome- 

2 The sex-determining ineeliani'm e"entiallv the XX-XY type though 
v.itli certain devi:ii ioii' :i' fol''iW': 
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Fig, 17U. .M.^le and Female Fruit Flv, Drosophila melanogaster. 

Chroiiiii'iime cniunlemeiits b-low each sex. A difference iri the sexes is the shape 
of abdnineii. broail and piiiuted in the female, at left: narrower and blunter in the 
male, at iiiiht The width of the dark band.s is ditlerent in the two se.xes. The male is 
further ditfercntiated by the presence of sex combs on the forelegs. 



Fig. 171. Tm: Alpine Gp.a — hopper, Gomphocf.ru' .'iBiuirus. 
riif ' V'^v but Gttlc. 4 he male bLi-^ peculiar ^\%‘e!Iina‘^ on the forelegs Left, 
female aiT.h Is • :i:-.nm'"!ae- luebidimr '2 X ehrorrnisomps Right, ni.ale with only 17 
ehi onn r~i .nio> mi 'inling 1 X. In tlu~ oigani'm .^ex i- determined on the XX-XO basi' 
Modified Gier iiaMa. n oni S> j- iiff Lflg.ar Allen, ed.. Baiti- 

i.ioie, The \\' ,l!iiii> A U ilkin-- ( 'otnpaiiy. 

a. The rr';. XX-XY tyin- a' in Drosopjiila. in whieh the female i-s the 
hi>nio 7 ygoi> nr hniiinganietie 'ex and the male i.' the heteruzvgoU' or 
heferogarnot;. 'o\ XX = leinaie. XY = niuU- 

h PI -vliii h th»‘ X Y ‘'[ironin'. tin*-', are attiU'hed to :i 

jdair oi apo and. Pe'-aU'*^' ‘>1 thi'* attaidiinen*^. lollow the auTo^onie" 

rliroiitrh tho ina^ur 'iriori and fertili/atioii piot'»*"e' 


Fig. 172, Speematogenesi.s in the Gr-\.''Hopper, GoMPHortRU- 'iiiiRiiT'-. 

A. Telophase of last niitotir liivision in spermatosoina. The conspieuoii.s X 
C'hroiuosnmes show a tendency to form separate chroino.-ioine vesii-les. 

B. Metaphase ol first nieiotic ilivi.sion in primary spermatoi-yte The single X 
chromosome passes undivided to one pole. Two nuclei are formeil one haviiiti nine 
chromosomes including the X and the other, with only eight, lacks an X chi omosome. 
The behavior of these two types of nuclei may be seen in C, D, E, and F which 
follow. 

G. Polar views of metaphase of second nieiotic division in the secondary sperma- 
tocytes. The upper plate shows an X, while the lower plate lacks the sex chromo'ome. 

D. Anaphases of second nieiotic division. Upper one shows an X jiassing to each 
pole of the spiiiille. The lowei spindle has been derived from the nucleus lacking an X. 

E. Result of second nieiotic division. Above, two cells each with nine chiomo- 
sonies including an X. Below, two ceils each with eight chiomosomcs and hu-kmg 
an X. 

F. Two typjcs of spermatids formed as a result of the nieiotic divisions. (Jne, 
above, has an X and when united with an X-bearing egg will determine a lemale. 
The other, below, lacks the sex chromosome. Upon union with the X-beanng egg, it 
will produce a zygote with only a single X, which will determine a ni.-de. .'Modified 
after Witschi, from Stx and Internal Secretions. Edgar .A.llen. ed., Baltiruure, The 
Williams A Wilkins Company, 1932.j 
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c. Other cases in which the Y chromosome is broken into fragments, two 
to several, forming the Y-complex which acts as a synaptic mate for the 
single X chromosome 

3. The Y chromosome i-^ entirely absent, possibly permanently lost in the 
evolution of the species. This results in the XX-XO (X zero) type of sex 
determination (Fig. 171 and 172) 

4. The female is the heterozygous or heterogametic sex, and the male is 
the homozygous or homogametic sex. XX = male, XY = female. This t\ pe 
of sex determination is found in birds of all types including domestic fowls, 
in .some lishes. and in certain moths and butterflies. This was termed the 
ZZ-ZW type of sex determination but is now generally indicated as XX and 
XY, with Z = X and W = Y 



Queen-normal diploid female subnormol diploid female Drone— normol hoploid mole 
1 n.. 174. Tiil IbiNTA Ull. 

t 'nil! tr'}'. l’!ii!!':i'. r s Bulletin =147, Washington, 1911.) 

The tcmale- ale ihp'ijol oraaiii'nis. and the males are haploid, as 
found in bee.'. wu'P'. and otlicr .'oeial ui'cets. Among bees there are three 
type- of indi'.’idual-' ui ihe diploid nueen bee- tvhich are fully developed 
ftue rioiiLii femaie- that produce egn-, .Ir the diploid workers which are 
undeiihweiopeil I ioi 1 11 i n et ii la 1 leinali-' and iicwei jiroduce eggs, and U'l 
the haiiloid di'oiii-' e hi' h are lunetionai mah.u and proi.luce sperms (Fig. 
173 . 

Sex Ratios 

Ti e ! HI . elf ;e ic •'.( - ;i:i'l iciiiaie- 111 any sample of a population i- 

. ff'.i ti..- sex ratio. Ti,e ', 0 ;.. aeueially wutteu t" inilirate the number ot 
ill,, t - to I .ii’i: Ill I ti.iu ill.'): Inn leans .1 latio ui 111.') maies to 100 leinaies. 

Ti:e 't'\ ’ U;.' M ly ,U',, , \p’i i,, r'tie pf-i eeniave "I male- in any given -iimiile ot 

rite i...;..;; lU'.n T'v;- . e- .'>2 pi-i 1 ent wouiii imlieiite tliat -52 per eent ot the 

nun.i'u in i’v.. iinies. Tia-u are piiniai'y. s.^eoriilary. and 
te;T. uv ■ tr;. .' | .-.ii.i: r'. . : . .p. rn i.r Ti-i- tv.o -i-xe- ,iT tlie time of eoneep- 

teu:. birr:., .u; 1 ity. o-pn uve'.y For a iiuiuber ui reason.-, tliese three ratios 

differ. 
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With statistics on human births in the United States indicating a secondaiy sex 
ratio of 10fi:100 in the white and 103:100 in the Xegro population. Crew has sug- 
gested that the primary sex I'atio in human beings may be 170 males to 100 females. 
Witschi, reviewing the literature, gives the secondary sex ratio in swine as 112:100 
but suggests 150:100 as a probable ]irimary sex ratio. Xumerous suggestions have 
been advanced to explain the excess of male-forming zygotes over the female-forming 
zygotes. Among them are: (1) that the Y sperms swim faster and that moie of them 
reach the eggs than of the X-carrying sperms, (2) that because of meiotic irregulari- 
ties more Y sperms are produced than X sperms, thus increasing the chance of moie 
XY embryos, and f3) reduced viability of XY or male embryos in the prenatal tiei iod. 
Accumulated evidence indicates reduced viability of male embryos. 

While the approximate secondary sex ratio is known for a faii-ly lai-ge number of 
animals, few data are available on the tertiary sex ratios at maturity and after for 
any group of animals other than human beings. Census reports of human populations 
establish clearly that more males than females die in most of the age groups, .^ince 
the infantile and juvenile death rates may be unequal in the two sexes, the tertiary 
sex ratio based upon the proportions of the two sexes at maturity may not be the 
equivalent of either the primary or the secondary sex ratios. 

Crew, commenting on the tertiai-y sex ratios in man. uses the census rejiorts of 
Great Britain to show that there are more deaths in males than females throu,ghout 
must of the life span. In only two age groups, 10-15 years and 40-45 years, ])eiiods oi 
great physiological ehan.ge, is female mortality higher than the male. From second- 
ary sex ratio.s of 106: 100 for the white population of the United .States and 104: 100 
m Great Britain, the jiroportion of males to females is constantly reduced iwith the 
exceptions above noted). In the 5-10 year j.ieriod the sex ratio becomes almost equal, 
(10. 0 males to 100 females. At age So in England, there are only 55,2 males to 100 
lemales in the population. The sex ratios ol human beings in the total human 
population in the United States has been calculated fi'om 1940 census figures to be 
101.1 : 100. This is the lowest e.xce.ss of males in the history of the eouiitiy and repre- 
sents a continuous decline from a high in 1910 of 106 males to 100 tenuile-. Two 
factors are thought to have contributed to this diange. i.'ne is the gieat declme of 
foreign imniigration which had been predominantly male. The other is the aging of 
the iiopulatioii. which allows a longer period for the operation of sexual dift'erences in 
nioitality lavunng females. 


Sex Abnormalities and Theories of Sex Determination 

Deviations from the normal male and female types of animals ha\ e long 
iieeii ol popular intere.st. This interest has been especially keen when sex 
de\4atious were observed among the higher dome.stic animals or human 
beings. The degree of deviation in such animals varies greatly. Some are 
only .'lightly subnormal whih* others are sex intermediates which show 
features of both sexes and are iK'ithcr truly male nor truly female. Among 
abnormal or intermediate sexual types there are; sij' ni-f r.sul.-<. anatomical 
aljiionnalities, hermapiirodittg. gijnaniJromor phs. and inttrxi xt6. Intermediate 
sexual types may owe their origin to one or several of the following 
'■auses: ili an unbalance of the purely genetic factors, (2. pathological 
'iiiidition.s, (3j phy.siological factor'. .4. anatomical abnormalities, and 
•>' environmental factors. The biological importance of intermediate 
'exuai Types lie' in the information about the nature of normal sex types 
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which they may yield and the nature of sex determination that has been 
obtained from their study. 

Abxohmal Sexual Types 

SEX REVERSALS. Sex may be partially or completely reversed dur- 
ing the life span of an organism. In some species of lower animals, it is 
apparently normal for individuals to change their sex. In these eases the 
factor.s which influence the change in .sex may be environmental or may ac- 
company nijinij of the individual. Sex rever.sals have been found in some 
lower forms of animal life such as certain isopods, which are parasitic on 
fishes. There is als(j evidence of sex reversal in amphibians such as frogs in 
which it has occurred in nature and has also been experimentally induced. 
Since sex rt‘\-ersal in the higher forms of animal life is rare, it is regarded as 
abnormal. Though the occurrence of crowing hens has been ob.served and 
partial sex rewrsals have been noted in fowls, .seldom if ever has the reversal 
been complete Irom one .sex t(j the opposite. 

Most iu'tances of partial .sex reversals in fowls are caused by diseased 
roiiditiori.'f of till urijriis ot the female, .\fter tunior.s and tuberculous condi- 
tions ha\a‘ dc'troyed the active tissues of the ovaries, tissues resembling 
those found in the testes begin to develop male hormones, and the animal 
m;iy sli()\\ at lea't jrartial sex rex'ersal. In fowls and higher animals, the 
ri'ver'ul i' generall\' from Icmale to male. In human beings occasional oc- 
curieiici' of partial sex re\-er.sal. incorrectly called hermaphroditism, has 
freiiuently been attribtited to a di'ea.'ed conditimi of the ovaries of a genetic 
female. 

THE FREEM.VlvTIX. .V ^ex inversion called freemartinism, though 
reporteil as po"ibly occurring in other clome-'tK- animals, is best known in 
cattle. Till' condition may sometimes though not always appear in the 
female mcmbei nt a pair of twiii' of opposite sex. .\nimal breeders have long 
been aware rliat the heifer twin to a bull calf is freriuently sterile. The 
belter i' calh'd n fr,. martin. The scientific explanation of freemartinism is 
that the letal membrane' of the opposite-sexed twins become iiisod in such a 
manner that there i' a eommou eirenlation of blond of the two embryos. 
It i' thcnnt^i ijjp m;ilp hormones have an inhibiting inflnenee on the 

de-'clopiiiii female -ex lihuid' and. in addition, promote the partial develop- 
ment 'it niale 'eeoiidary sexual eharai-teristies. The resnlting female, or 
tr"eiu:i! ti!,. i' a type m sterile intersex with some male traits. 

Expel line], tally induced freemartinism has been demonstrated in am- 
plnic.an'. 'Ui’ii .is frua;' Embryos of these amphibians were grafted together 
in 'U.-h a mruiuer rhat there was a cross eirenlation of blood or parabiosis 
In siinic c.'C.Ti' e- r-versal of the 'Cx and formation cif types of intersexes 

fc-iii"c,| iTtim thc'C operatioTi'. 

-\N A4'nYII( 'AL .VRXnRAIALITIE.' ('r ipturrhidism. Frciuent in 
the male,' of mammals is the abnormal retention of the testes in the ab- 
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dominal cavity. This condition is not of an intersexual nature. Xormally in 
mammals, the testes start development within the abdominal cavity and 
descend into the scrotum during the embryonic period. Because of some ab- 
normality, the testes may fail to make the descent into the scrotum and 
are retained within the abdominal cavity. iMales of this type are scientifically 
termed cryptorchids. They are known as ridglings by animal breeders. The 
term cnjptorchid is derived from the Greek words /.•/•//pGs-hiddeii and orchis- 
Ustidc. hence literally hidden testide. 

Individuals with both testes retained are completely sterile and produce 
nonfunctional spermatozoa. Their secondary se.vual characters and reac- 
tions. however, are completely male, because the male hormones are pro- 
duced by cryptorchids regardless of the position of the sex glands. In- 
dividuals with one normally descended testis may produce functional 
spermatozoa and be fertile. Investigations have shown that the failure of 
the retained testis to produce functional sperms may be associated with the 
higher temperature within the abdominal cavity, which renders the gametes 
nonfunctional. 

Other Abxormalities ix Sex (.)rg.\xs. C'onsiderable newspaper 
publicity is often given to surgical operations performed on certain inter- 
mediate individuals who purport to have changed their .sex, established their 
masculinity or feminity as the case may be. .\ccording to these accounts, 
the individuals were males genetically but on account of certain mal- 
lormatioiis had been regarded as females or po.ssibly as some type of sex 
intermediate. 

hermaphroditism. In the higher animals hermaphroditism is 
known in many of the domestic animals and occurs occasionally in man. 

I he term comes from Herrnaphroditns, the fabled son of Hermes and .-Vphro- 
dite. combining both sexes in one body. In some strains of animah, there is 
apparently an hereditary basi.s for the development of this type of sex 
deviation. Though in swine one hermaphrodite might be expected among 
100.000 taken at random. Baker found 11 per <-ent of hermaphroditi.'in in a 
herd where the trait was apparently transmitted by the male parent. 

The term h< rmnphroditr or. in the vernacular of animal breedeiA, 'nuiphro- 
dtfi incorrectly applied to numerou.s sex deviation' in higher animals, 
should be restricted to organisms which develop the primary and secondary 
organ' of both the male and female .sexe.s. There i' coii'iderable range in the 
degree and type of abnormalities found. Altlntugh many herraajfiirodite.s 
have sex organs more or less resembling both ovaries and testes, the organs 
arc generally imperfect, and extremely few hermaphrodites produce both 
egg' and sperms. In fact, in many ca.ses the inditfiduals are completely 
'tcnle and produce no functional uanietes. The evidence in ino't (jI the 
‘■iitically iiive'tigated ca'C' indicated that ti'Ualh' hermaphi odites are 
liciii'tically females in which development ot the female .'CX oraan' ha' been 
Ritci i npied anil the des eluprneut of m;de chaiacteri't ic' initiated inn not 



completed. In sc 
organs, testes, ai 
secondary sex ch: 

Anatomically 
on the other (Fij 
the oi'otistis, will' 
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in goats, and 51 in swine. In addition, ease.s were cited in the primate.s. 
including man, for which no numbers were given. A.sdell concluded that 
hormones from the ovaries, ovotestes, and testes exert a considerable influ- 
ence on the development of the accessory reproductive structures of mam- 
malian hermaphrodites. 

Hermaphroditism in Hum.^n Beings. Few biological topics have 
excited so much popular curiosity as that of occasional or .supposed herma- 
phroditism in man. IMany cases called hermaphroditism have been types of 
sex reversals or other abnormalities. IMedical literature differentiates be- 
tween intersexes, sex reversals, and pseudohermaphroditism. True herma- 
phrodites are rare in human beings, with po.s.sibly not more than 20 cases in 
the medical I’ecords. It is extremely unlikely that any human hermaphrodite 
could possibly function bisexually in reproduction. 

ft YXAXDR(Jl\I(_)RPHS. Gynandromorph and ginunuler are names 
given to a type of sex deviation in which the body of the organism is com- 
posed of distinct male and female parts. The terms come from combinations 
of the (ireek words gi/ru. meaning woman, and aner. meaning man, with 
morphe meaning form. Sometimes one-half of the body, either the left oi’ 
right side, shows distinctly female secondary sexual characteristics, while 
the opposite side shows distinctly male characters. Sex intermediates of thi~ 
type are called fuYuh ra/ gyuandromorphs. (dynandromorphs ha\ e been found 
in a number of insects. Drosophila, the silkworm, bees, and some ttasps. 
Becau se normal female Drosophila are slightly larger than males, the larger 
size of the female portion of the body of bilateral gynandromorphs gives 
them a characteristic crooked shape (Fig. 175). Though some gynandro- 
morphs have both male and female primary sex organs, generally they do 
not. In many gynandromorphs the portion showing the sex deviation is less 
than one-half. It may be only one-fourth, one-eighth, or e\’en a smaller part 
of the b(idy as in the sc.r picbald.s in which females have spots of male tissue 
scattered o\'er the body. There are instances in which only a few cells of 
the liody show the sex ckndation. The gynandromorph type of sex deviation 
has been termed a sex mosaic or a slx composih , because the body of the 
organism is composed of pieces of tissue which are of different sexes, ana- 
logous to a table top composed of different kinds of wood. 

I’rue identihaljle gynandromorphs are largely confined to insects, al- 
though a few more or les.s doubtful ca'cs have been repented in birds. Per- 
hap' the term ggnardromorph .should be confined to organisms in which the 
secondary sexual character.s are not under the influence of the ^ex hormones 
secreted by the primary sex glands. hen. as in the higher animals, 
seciiiidary sexual characters are greatly influenced by sex hoi-munes, those 
charai'ters will respond to the hormone from the sC.x glaiuls, and a selected 
portion of the body cannot be isolated from their influence. The secondary 
sexual characters would then be difficult to change from female to male, and 
the animal would not show the feature.s of a gynandromorph. .-V cvroliioical 
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gynaiidromorph might occur in a mammah but it would he ilifficult to 
identify. 

In insects, the secondary sexual characters are influenced by sex hor- 
mones only slightly or not at all. The tissue, therefore, responds to the sex 
chromosomes present, and insects may be gynandromorphs if the tissues in 
question have the proper sex chromosomes to develop two sex types in one 
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Gynondromorphs 

Fm 17 . 1 , (IvwxnRiiMiiRi'H-- uf Drosophil.\.. 

XritP the iii wina wimr •stnirturc, ,and eye color on the two 

-i.Ip- iC the indivehi i! Hie'. .■Smce then liukaite relations are known, the.«e eharacter- 
i-tir- 'crve ,1-. ni,iikei' Ih-'i'le' the laaiket' the 'Cx coinhs and abdominal markings 
•il'i' indii-ati' the 'e\- lit the ii-irt' I'i the bodie'. The marker^, white eye and short 
’.MiUi -o\-''.:ik<'d I'irn ai-te! ', ihdirate a ditfeienee 111 the chromo'ome coinplenient in 
thr two halw'- o! till.' ho,!'., M,,'..- Hie,' ar>' 'huhtly smaller than female;. Thus flies 
h.il: !a:do alei hah reiaah- ,iie I'looked oi bent to one side, 

,''f\ oomii' oil the twij ayii.ihdiomornh; lielow indicate that the leit ;ide is male 
■ind till iml't 'idi leinali- W nu; l•haulett■!' as marker; indicate ilift'eient Genotype; 
oil ! laht .iici le!t 'ide~. ' Mo.hfii-.l attei Moiaaii by pfmii;;iou of Carnegie Institution 

o! W.i-hi'iatoii.) 

bndy IMrh an oxtonded kiinwlediie of the action of the gene' in the Dro- 
'ophila. It ha- been iio"ibii‘ by genetic aiialy.'i; to deteriniiu' with certainty 
the pi'c'eiicc or ab'ciice of ally 'pecitic chroniusninc in a ti;'Uc which showed 
dc-riat!on from tin' norma!. Itr heterozygous Hie' it was therefore possible to 
dererniii-c by ih-- acTioi: of the'e genes if there were two X chromosomes or 
onlv one X chromusuni" prc'eiiT ni any given ti'Siie. 

Tnr. OF < lYv \xiu:o\toi;pHs. ( lynandroniorph' are thought to 

ongiiniTc alter the eiimniarion oi an X chroniO'ome from one of the somatic 
I cil' at an cai ly 'tage iti the doveh ipmcnt of an XX zygote. ( iyiiaiidroniot'phs 
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ha^'e been found in which one portion, the female, had XXX and the other 
portion had only X and was entirely male. Found more freciuently were only 
two X chromosomes in the female portion and a single X in the male portion, 
which indicated that one of the X chromosomes had been entirely lost or 
eliminated in an early cleavage division. Elimination of an X chromosome 
at a division other than the first would give rise to X tissue in a portion of 
the body less than one-half. A second method of the origin of gynandro- 
morphs is by the presence in rare cases of two nuclei in an egg cell. If two 
nuclei, each containing an X chromosome, were fertilized, one by a sperm 
with an X chromosome and another by a sperm with a Y chromosome, a 
zygote with two nuclei would be formed, one XX and the other XY ; such a 
zygote would develop into female and male portions of the embryo, pro- 
ducing a gynandromorph. This is regarded as a possible but unusual method 
of origin of gj'nandromorphs in the Drosophila. 

Somatic ^Mosaics. Occasionally an autosome may be eliminated from 
the developing embryo. When this happens, a part of the fly, one-half, one- 
fourth, or a smaller portion, will lack an autosome and its contained gene.s. 
If appropriate marker genes are carried in the autosomes. tissues deficient 
for this chromosome may be identified from their phenotypic characteristics. 
These organisms, called somatic mosaics, are not gynandromorphs because 
no sex characters or secondary sexual traits are involved, but the mixture of 
tissues is developed in a manner similar to that in the sex mosaics. The sex 
mosaics are possibly more easily recognized and probably occur more 
frequently than somatic mosaics. 

IXTEK.SEXE.S AXD THE BaLAXCE ThEOUV OF SeX Df.TERMIX.XTIOX IX 

Drosophila 

-\n extremely interesting group of .sex deviations found in the progenies 
of a triploid female Drosophila was reported by Bridges Mating a triploid 
female. XXX -j- 3 sets of autosomes. to a normal diploid male, XY -j- 2 sct> 
of autosomes. yielded variable progenies including intersex types and sex 
deviates called .suptrmaks and tiupcrftmaltt<. The eggs of the triploid female 
were assumed to have had unusual chromosomal constitutions. X -f 1 .set 
of autosomes. X -r 2 sets of autosomes. XX -p 1 set of autosomes. and 
XX 4- 2 .-^ets of autosomes. Random fertilization of the four types of eggs 
by normal sperms resulted in normal .sexual types and the sex deviates 
observed. 

The genic balance theory of sex determination is an attempt to account 
for the development of sex in Drosophila on the basis of the action of many 
genes scattered through all the chromosomes. The principle interaction, 
howewr. is 'uppused to be between the predominately female-pi’odiiciug 
genes carried by the X chromosome and the predominately male-producing 
genes carried in autosomes, with the Y chromosome an inert or blank horao- 
logue of the X. 
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Normal Female Triploid Femole 

XX+ 6 Autosomes XXX+ 9 Autosomes 



Intersex <? Type Intersex ? Type 

XX + 9 Autosomes XX +8 Autosomes 



Super Mole Super Female 


X + 9 Autosomes XXX +6 Autosomes 

Fig. 176. ^ex Type> .yxd Cukke'-pijxdixg Chkgmosome Types ix Dhosophil.y. 

Pre.sence or ab.-^ence ot the Y chi-oiuo-ijme lui- little influence. With the autosomes 
tipping the balance towanl Intel 'e.Miality. the jiresence or absence of the r.nial! 
e.xtra I\ chmnio^ipme is jii't -ullicient to iletermiiie the male or female tvjie of intei- 
■<px. respectively. Supei^exp' a- well a' all intei'e.xes are sterile. Diploids, triploids, 
.iinl tetraplonls show varying degrees ot leitility. (WT'dified after C. B. Briiii;e~ 
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The normal diploirl female in Drv-sophila has a complement of 8 chromo- 
somes, which may he written a.s XX + 2 sets or (j autosomes. The female- 
producing geiK's ill the 2 X chromo.''omes overbalance the male-producing 
genes in the 2 sets of auro.-oIne.-^, and the net result of the genic balance is 
the production of a normal female fly. When there i.s only 1 X chromosome as 
in a zygote with XY + 2 sets or 6 autosomes, the female-producing genes 
in X are insutficient to overhalaiice the action of the male-producing genes 
in 2 sets of anto'Omes, and the net result of the genic balance is a norma! 
male flv. Fiunales are prodin-t'd in all cases in which the proportion is in 
multiples r,f X to 1 set of auto.-omi's as in the normal female with XX + 2 
^ets of autosomes; in the triploid female, XXX -r 3 sets of autosomes; and 
in the tetraploid female, XXXX T 4 sets of autosomes. The same proportion 
(cKist' in the haploid mo-ai'-s in w hich a part of the body is composed of cells 
with only the haploid number of chrotno--omes, that is, X T 1 set of aiito- 
'Otnes. The'C I'eiiion' are female. 

( 'hai'ticteri'tm- of the intor-exe^ and other sex det iations are apparently 
determined by a di'tuiiiancc of the e< inilibriiim between the actioit of the 

■/'.e.'. \7.17// 
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predominately female-producing genes in the X chromosome and the pre- 
dominately male-producing factors in the autosomes as in the intersexes 
with XX -f- 3 sets of autosomes 

Superfcmalcs developed from zvgotes with chromosome complements of 
XXX + 2 sets of autosomes. or an extra X with its female-producing genes 
in addition to the normal number. Siip< rmakb. on the other hand, were 
developed from zygotes with chromosome complements of X + 3 sets of 
autosomes. ha\-ing thus one extra set of autosomes with their male-produc- 
ing genes. Both kinds of supersexes proved to be sterile ( Fig 1 7ti ) . 

To arrive at a numerical sex index loi- the normal '<*xe.' and all the sex 
deviations in Drosophila, arbitrary values of 100 each were assigned to the 
female-determining genes in the X chromo.some and the male-determining 
genes in each set ot autosomes. I'hus. X -p 1 set of autosomes. ('quailing 
100:100 or 100 100. ('stablished an index of 1. .Vll normal females in Dro- 
sophila ha\'e an ('\('u balaina' ot X cliromosomes to autosomi's. Thus, the 
sex ratio of a normal diploid female 200.200 or 200 200 = 1. Likewi.se. the 
triploid female with XXX — 3 'Cts ot autosomes and th(' tetraploid witli 
XXXX -“ 4 sets of autosomes ha\’e. re~pecti\’e!y. a ratu.) of 300 300 = 1 and 
400 400 = 1. Bridge.' then calculated tin' 'CX imle.x for all the se.xiial f(.)rms 
from the superfemale, XXX 2 set' oi autosomes. 300 200 = 1..') to the 
'Upermale, X 4- 3 set' ot aiito'omes. 100 300 = 0 33: the iiitei'sexes with 
XX 3 .'('t.s ot atitosornes hate a ratio ot 200 ;loo = 0.07. and a normal male 
ha? X -r Y -r 2 .sets of autoi-mes = O.oO iTalde XLA'IlIi. 



chapter 24 


Sex Determination in Plants 


A' coiitra'tcil with aiiunal', ttic prohlem of .-ewiality and of the deter- 
mination of >('\ in plant' i> l•onlpli(•at(‘d hy tlie presence in the life cycle of a 
haploid phase ot much loniii'r duration. 'The haploid or samete-producing 
phase, the ,/,ir,i, tapln/ti , im-hide-; a spore, a thallus. and finally the production 
of gametes, tollowed hy iheir union at tVrtili/ation, eventual meiosis, and 
the production ot meio'pores. In the life cycle the two processe.s of fertiliza- 
tion and meio'i' keep tlie chroninsomi' numbeis in etiuilibriiim and are 
theretore both essential 

\niong seed plants in both the gymno^perms or cone-hearing plants and 
the angiosperni' or tlowciing plant', di'tinci male and female tendencies 
ma>’ be found Mthough the 'poiophyte or diploid phase, which is recognized 
as thf' ■■ plant ' in the gyiniio-porm' and the angio.sperms. produces only 
'poies and ne\’er gametes, as aninni!' do in the eorre'puiiding diploid pha-se, 
the tei'in ttfii!' Ini' roine to be :i"oriated with the stamens and the anthers 
in the tiovers of these |iLuit' The atitliei's produec the microspores that 
develop into poilen grait.' and po'an, tithes with sperms or male gamete.?. 
The terms cmh /'ew, -and cm'- t ha\'e heeii applied to flowers and plants 
producing o'liv 'tainens 'Uiee they give ri'e to the male elements in repro- 
duetion Sun'll. ivly. i.ee,iu~e tl'iey -gi'/e I'i'C t o t he female elements in rppro- 
duet'iin the terms .'.'-e, . - and /- -t-a/, p'atif may he u.sed to designate 

tlouers a'-d piant' ih.it pio.lu- e onlv pistil' 'I'he roimei tion here is through 
the o'.ape- in tl;e o\ arie- o! I he p;-f ;!' Mega'pote' arc produced in the i.ixudes 
'.vifh ft ma.e ganvtoph vtes oi emi-rvo sa'’s, structures containing the egg' 
develop, 'd i-e.n’i mega'i-ore- flower' whi-'h have only .stamen' or onlv pistils 
■ire ■ C.'.'c'-i uupe-;;, , t tai.'., ilnit 1 '. ’hey are sexually impieriect. 


( ire da t ;o: - 


ot 'e\,,;,ity O' ■ nr e. ;}^(. numerous lamilies and genera of 
\i:c-ng the , 1 ’.gi- --p, rni', tiie v.nlow. poplar, spinach, 
a. . ■ ; ■Tc r- .’a :> -gii’,;!'.’.- or ,] -in producing 

c ■; t- n. o- 1' 1 ...V wir'a ,e.'y minor degree' of differ- 


eiuiat'.o'. '■■■’ •' ( ,-T,. ■ m” or liip, -oi CC-, however, oectir in 

some pia’i' In- ■' in.i >■ n- m;, hop, and ..ihow in-gin iilooming 
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Fic, 177. Corn Plaxt. Zka ma’i' I.. 

The plant i? in full hlo.iiii: the anther' in the ta."el or male infloreseeiice are 
ihedding pollen. The or ^ilk^ on the ear or lemale iiifloie^renre are recejitive 

to the pollen at thi- ~t.ia:e. The normal eotn plajit i' an e\eellei,t example of the 
nir.noermui ei .iidirion. that i', rn.tle ai.d feniale flowet.' in different parts o: the 
'aine plant. Courte.-y, Dr. H. W. Thuraton, Jr, i 
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before the male plants Differences between male and female plants, some of 
which appear even in the needling stages of hemp and others, include those 
of size of plant, length of internode, and intensity of green color. Although 
there are distinct male and female plants among the angiosperms, the 
hi.'<e.cual or monoicious condition in which both stamens and pistils occur on 
the same plant is mo.'^t usual. In fact, many of the angiosperms bear perfect 
flowers which contain Itoth stamens and pistils. W'hile the conifers, such as 
the pine, among the higher gymnosperms are regularly bisexual or monoe- 
cious, many of the lower gymuo.iperms .such as the ginkgo tree and the 
cycads are typically monosexual plants and therefore dioecious. 

Terminology 

The terms liotnothdUi^m and h( ttroUiaUism may be more appropriately 
applied to the haploid phase of the lower plants than the terms bisexual 
and rnonosixual or their e(|uivaleiits. A plant which produces both male and 
female gametC' hu' only one tyjte of rhallu' and is. therefore, homotballic . 
;kpecie.s in which tin- planr- arc di'tinctly mah- or female, producing two 
types of tlndli. tire 'aid to be In h rullnilUi . 

Hair“ hti' 'Ugiicsfcd the following u.^e of terms applied to the several 
com lit ion.' ol sex' 

A. -Vmong 'cxual oriitmi'iii' tticrc max' be individuals which show char- 
ai'tcl'l'tics of both 'C\C'. 

1. Thi lirnnnpiiriKliij i' an orgtuii'm, either att animal or gametophy- 
tic plant, in which both caii' ttiid 'jternis are n<‘>rmally produced. 
Examples are the earthworm, 'ome fiat worms, and the gameto- 
phytC' of 'omc mos'C' and fctii' This ..tresse.' the normal her- 
mtiphi'oditi'tn in many or rlic lower organisms 

2. t'ertain 'C\ abnorrntilit ic> and 'C\ licAdutioii' prex'iously discussed 
are included tn tin- outline at thi' poiiit ■ pp. 434--443). 

B. In tilt- '])oi'f-b('ar;mi a'-ncration of the higher plants, in which two 
kind' ol 'port-' are priMluce.l. the terms inoiinrhinnis and diclinous 
ntay be ummI, 

1. Tl'ic iciin i,n,i,iiilirinn-, mining trom the (Ireek words tnono and 

hbn, incaniiig oin- and !)ed. rc'pcctively, may he applied to those 
(ilaiit' ill '.vlm-h biiili fi-ii s and no are produi-ed in 

till' 'am*' 'i!'U''nu'e. iliai n. in peftci-r riowei-'. Examples of these 
are the illy, the ii.-i-. ttiil the pea 1 lie terni' in r nni pit roihtism . hi r- 
fiiiip’'-un . ai 'i ».'/-,'/(/ v.'hen applied to perfect 

tio'.'.ci' .lie " , , 1 1 ',.,.! liicy 'h.iuld be re'crved for the 

gani'C,.-:!;-, ..ji]. i,- ; -i' ‘ ..re' 

2, Ther.-fin - ..'.''.'i. ‘ ni - < '.1 eek w. ii'i E / and c'/'e , meaning ill 

r'\ .1 t-e,l- nne,' np n .1 rii,,—- v. hieh iiHar the two types 

Pr, e ir''"nv [ 11 ■ • ■ ' • I, ^ I ■_r. MnriTrf.ii (,''jn:ida. 
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of spores {micro- and megaspores) in different structures. That is, 
the staminate (male flowers or cones) and the pistillate (female 
flowers or cones) structures are borne separately in imperfect 
flowers. Diclinous plants may be further classified into two groups, 
monoecious and dioecious. 

a. Monoecious plants produce the two types of imperfect flowers, 
staminate and pistillate on dijfennt purt.s of the same plant. A com- 
mon example of this type is the Indian Corn, Zea mays (Fig. 177), 
which produces a group of staminate flowers, the tassel, at its apex 
and a group of pistillate flowers on one or more side branches. The 
common srpiash, pumpkin, watermelon, and other cucurbits are 
additional familiar examples of monoecious plants. 

h. Dioecious plants produce the imperfect staminate or male flowers 
and the imperfect pistillate or female flowers on difl’erent plants, the 
so-called male and female plants, respectively. (Many well-known 
trees such as the poplar, the willow, and the ginkgo are examples 
of dioecious plants. In some (-a.-es the di-^tinction between the male 
and female plants in the.se dioecious form- is definitely associated 
with the mechanism of the XX-XY chri.inio^ome. Tin.- has been 
demonstrated in the (-ultivated asparagu-. hemp or Cannabis. 
Lychnis or Mtlandrium. and in the water weed. Elodea. .Some i)alms 
also are dioecious. 

Mechanisms for Sex Determination in Plants 

A chromosome basis for sex determination in plant.- was first discut'ered 
in 1917 by Allen in the dioeciou.s li\erwort. ■'sphai rocarpns duniullii. in 
which the sporophyte has 7 pair- (jf autos(jme-. a large X chromosome, and 
a much smaller Y chromosome, making a total (jf lb chromo-omes. During 
meiosis, the chromosome number i- recluccil to either X A 7 autosomes, 
determining a female gametopliyre. or Y — 7 auto-ome-. determining a male 
gametophyte. Similar sex-determining chri.)nio-ome mechaui-m- have been 
found in other species of Sphui.rocarpus. in Dallariciniu, liieeurdia, Ptllia, 
Marchantia. and in some specie- of mos-e-. Large X chromosomes in the 
female gametophytes and smaller Y chromo-ome^ in the male gametophytes 
have been found in the common mos-. Pol ntnelfim . and in other mosses. 
In 194.5 Allen, in a summary of the inve-tigation- of sex determination, 
stated that a -ex-determining <-hromo-ome mecham-m con-i-tiiig of an X 
and a Y has been found in about 40-1.') of the diocciou- -pecie- of bryophytes. 
In about an ecpial number of -pecie-. invc-tigation rewaled no recognizable 
sex chromo-omes. 

THE XX-XY TYPE ( 'F SEX nE ldilLMINMTH »X. In l!r_M .Atntos 
fir-t derinitelv recognized an uncqiiai pan oi chromo-omc-. the X-Y nr -ex 
chromo-omc-, in male plant- ot one of the -[iccic- oi flowering plants, the 
water weed or ditch mo-s. Elodiu ijigantia. Further recognition of se.x 
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chromosomes was reported in some of the species of Rumex or dock, Lychnis 
(Melandriiun) or campion (Fig. 178), Salix or willow, Populus or poplar, 
and Hiimulus or hop. During succeeding years the XX-XY type of sex- 
determining mechanism has been found in plants of several other genera. 

In the common cultivated hemp, Cannabis sativa, there are distinct 
male and female plants, each characterized by 20 chromosomes as the 2N 
or diploid number (Fig. 179-181). In 1939 (Vlackay reported that the cells 
of the female plants in addition to the complement of 9 pairs of autosomes 
contain a pair itf X chromosomes and tho.se of the male plants an X and a 
smaller Y chromo.some (Fig. 182). The female plants, XX + 18 autosomes, 



li<; 1 1 s. Ini. ln;'i Mlihiii Dixi'iii.v \ i Mi. i aph.V'L or Diploid AI.a.lk 

"t Ml i.A\iii:u‘\i 

There are 1 1 jntn> ui .-nir'i'Diiie- with an utie(|ual pair oi .sex chromosomes at left 
.Ylthouith tlicre ha- Keen -i.ii,,. .htiarenia or npinion as to the relative size of the 
X ami Y ell! i.m. i..o!.ic>, tm- iliU'tration -Iiiav- that the Y m the larger. (Courte.sy, 
Wariiike ami Blake^hc, ( kii i.eitm Institution of Wa.'hinston.) 

produce a -ingle type of mega-pore with X -f- 9 autosome.s. The male 
plant-, X — Y — I'k auto-iiine-. however, produce two types of microspitre-. 
one of wliich ha- X — 9 auTo-nme- and the other Y -k 9 autosome.s. Oameto- 
phyte- and e\'entually gamete-, are produced trom these mega- and micro- 
spore- 1 he random union of the twc) type- of sperm.- with the single type of 
egg cell- would determi'.c' tin- development of diploid male and female 
plant- in the theorene;d ratio of 1:1. hut .-ometimes the theoretical sex 
ratio may not he reallzei! 

In 1940 .Vi.en -’immanzed the data on -ex derermination in 117 species 
of tiowoTing fiiant- i if the-o X .e.d Y chromo-iime- have heeu demonstrated 
in •>•) -itecie- In 111 addiriiinai -pe, le-. -orae ilepnite chrorau-ome mecha- 
nism other than the X-Y ha-:- ha- been ilemon-trated. For 46 species in 
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25 families, no sex-determining chromosome mechanism had then been 
recognized. 

Among the deviations from the XX -XY type of sex determination in 
plants, the following have been described: 

1. Chromosome Complexes. In species of Riitnex or dock and of Humidus 
or hop, the homologue of the X chromosome is a chromosome complex con- 



Fig. 179. Male and Female Pl.axt< of the Hemp. C.axx.abi^ ^ativ.a. 

The male plant, -liown at the left, is slenderer and matures earlier than the 
female plant. The male plants at maturity are light yellowish green in color. The 
female plant thowii at the right is more robust and denser than the male jilaiit?. 
Female plants at maturity are dark green in color. 

sisting of 2 Y chromosomes which act together in pairing with the X. During 
meiosis, the Y-cornplex. acting U' a unit, separate^ from the X, and both Y 
chromosome- go to the -ame pole of the division .-pindle. 

2. Thf XX-XO Tjpi . This method of sex determination, found in 
some of the insect', ha.s al.-o licen reported in one of the species of yams. 
The female plants presumably have 3*7 r'hromosomes including XX. The 
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male plants have only 35 which include an X but no Y chromosome or other 
homologue of X. 

3. An Unpaired Y Chromosome. An extra unpaired chromosome, 
presumably a Y, has been described in two species of mistletoe. In these 
plants the female has 20 chromosomes and the male 21, including the single 
unpaired Y. If correctly interpreted, this is a unique condition for any 
organism. 



I n, !Mi Hi: W' hi ' ki;ii\i or IIlmp in Full Flowlk. 

L'/r, lu.ile. iwlit. ii-iinle. 

Location of Sex Determiners in the X and Y chromosomes 

The ori ui ivnre of 'trni'tiiral idi,:rrotion.^ in the .sex ehromo.somes has 
inailo a new approai-h to the solution of the problem of .sex deter- 

innuUM'i Till' f'-hnique revealed the roles of the dirYerent parts of the X 
and Y .'hr' nn. I'l inic' m .-ex deTermuiation. Warmke and abn Westeraaard. 
workirai n,. iep.'.i.ieiir’.y. partialiv analyzed the nature anil location of the 
_,w-'ieTfrmini:'ia aer.f' of M- '.n 'ir'ino . which has the XX-XY sex-determin- 
nia meehani-rn. Plants with aberrant Y chromosomes which had .'iift'ered 
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Staminate Flowers 



Pistillate Flo\\oi< 

Fig. 1.^1. Male axd Female Flowers of Dioia.ious Hemp, Caxxali~ -ativa. 

Above, two male or .staminate flowens. These floweis eonsi't of a ,'talk ami ret oji- 
taele bearing delicate lisilit-green perianth part,* and .*ix pendant anther*. Below, 
two female or pistillate flower*. The female flowers cori*i-t of a stalk and receptacle 
bearing thin liaht-green perianth part.* and a pistil. The p-erianth part* envelop 
the daik-green ovary. The t\\o-]xi!ted stigma protrude* from the bract*. Male and 
feinale flower* are miimally produced on separate plant*. 



Fig. 1''2 Chromosome* of Hemp Pla.vt, Cannaiu-- '.ctiv.',. 

Left, a polar view of fir*t meiotic metaphase *howiiig 10 pair.* of chromosome*. 
Right. *howing member* of each of the 10 pair* *eparating. The ,*e.\’ chi onio*oriip.* 
X am! Y are of unequal -ize Tki* chromosome group i* from a meiotm div;*ion in a 
male plant. Cuuitesy. Elizabeth L. Alackay. from Ann J. Bvtairj.} 
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deletions and were therefore deficient for certain blocks of genes were studied 
for effects on the development of sex. In another case a translocation had 
occurred between the Y and X chromosomes. The presence of the aberrant 
Y in the karyotype tended to make plants interscxual instead of definitely 
male and female. 

A gene or block of genes in one arm of the Y chromosome may act as a 
“male promoter.’’ M armke's analysis indicates that this male promotion 
may be taken in two steps under the influence of two separate factors, one 
that initiates the development of .stamens with their anthers and carries the 
development to meiosis, and the second that completes development in 
the anthers and leads to pollen production. Besides these male promoting 
factors the Y chromosome is thought to contain a female suppressor that 
inhiljits the development of pistils in potentially perfect flowers. Wester- 
gaard considered the pos.sihility that the X chromosome mav contain a male 
suppressor and that male promoters may be carried in the autosomes. He 
further suggested an epi.static-hypostatic relationship among the various 
suppressor.' and promoters. 

The us(* ot structural aberrations in the study of se.x determination opens 
up the po''ibility ot an analysi' ul the .se.\ chromosome.s in many different 
kinds ot organi'ins anti the determination of the location of the principal 
genetic factor' involved, ihi' type of analysis al'O may be helpful in the 
proper interprt'tation iff environmental tnfltiences in sex determination in 
plants. 

Sexuality in the Gametophytes of Flowering Plants 

Difference in the .size ot pollen grains, obsei ved in some dioecious species 
of angio.'perni', may be an ex]irc».-ion ot ditierence' in the chromosome com- 
plement' in the pollen grain-, -oine m which have an X and some a Y chromo- 
'omt*. W ith the X atid Y -ex chrorno'ome of different size, volumes of the 
pollen grain- may be intiueiiced by the telative chromatin masses. In Rumex 
and -If' luiulri u tn the gri ca t h rate ot the pollen tube- i 'oiitaining an X chromo- 
some 1- greater than e>t tlio-e w'lth the Y. 1 he pollen tuiie- c'ontaining the Y 
are longer lived than tho-e containing the X chromo-ome in Mi landrium. 

Notwith-tanding the-e ditierence-. generally pollen tube- or rnali ijanuto- 
'ph 'fit > that ai>' identical in -trnctnre and tunctii in aiv' produced by niicro- 
'pore- containing either an X or a Y chronio-oine. Fiii- tact indicate- that 
the X and Y chroino-oine- in the flowering plant- dn not funetiou as tin si x- 
i!i fi nn 'll ' m; mei'iiiin ■ ^ni jii'- ft,' an nn tn pi The pollen tube.- may contain 
either an X chromo.-om,> or a Y chromo-ome, but thev nri nlirai/s male 
s/'-ceff/ o and pvenruaily produce the anil, gamere-. tlie -perm.-. The 
embryo -ac. nr tern.alc g-unerophyre ileveluping from the mega-pore, eon- 
Taining an X cjironio-, imi- , ,r ■■•n f, ,rit', atid produce^ the i, mah gamete, 
the egg The-e min r; reiiui ed tliaili ai'i-e troni haploid 'pores. mega'pores 
prodiicing female gainetophytic -tructnre.' and micro-pores producing 
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male gametophytic structures. The sex of the gametophytic structures ap- 
pears in general to be determined when the mega- and microspores are 
produced or even earlier. 

The sex of the gametophytes in angiosperms apparently is irreversibly 
determined with the preceding development of stamens and pistils by the 
sporophyte. The female line has the carpel, nucellus, megasporocyte, mega- 
spore. female gametophyte, and finally the egg cell. The male line consists of 
stamen, anther, microsporocyte, microspore, male gametophyte, and finally 
the sperms. Sex expression may begin with the production of pistillate or 
staminate flowers. In other ca.ses, as in cultivated corn, it begins even earlier 
with the development of the inflorescences. Normally the ear and the tas.sel 
are differentiated sexually. .Tones .mys that there is a phy.siological gradient 
in maize from fcmaleness at the base of the plant toward maleness at the 
top. In the dioecious or monosexual angiosperms. the whole sporophytic 
plant is sexually difi'erentiated during the det-elopment of the embryo. 

Artificial Synthesis of Sexual Forms in Plants 

In maize, genes have been identified that specifically influence the 
development of the flowers, t’ertain recessive genes de.'igiiated as innisfl 
6Ya/-l, fa.s.st7 sctd-2, and iast>cl sccd-I, or /si. and /su have .-imilar pheno- 
typic effect.s. In the homozygous state they all condition de\'elopment of 
pi.stillat(' flowers on the tassels in place of the normal staminate ones. Hence 
the name, ta.ssel seed. IMaize plants which arc homozygous for any of the 
tassel-seed genes, are essentially female. 

Similarly, certain other mutant genes determine the development of 
maize plants which are es'^entially male. One of these genes is designated as 
nilkless. sk. W'hen the plants are homozygous, s/.-.s/v the ovaries abort. Jones 
found that hybridization between homozygous silkless. .s/w-/,-, and tassel 
seed. fsts. produced Fi plants which were heterozygous for both allelic 
pairs. Sksk and Ts-jisi. Because of the dominance of SI: and r.s-.., the Fi 
plants were, therefore, normal monoecious plants, producing male flowers 
in the tassels and female flowers on the ears. 

In the F-: and later generation^, recombinations of the silkies.^ and tassel- 
seed gene.- re.'Ulted in the produi-tion of a dioecious -itrain of maize. 1 he 
purely female plant' of thi.' strain were genetically homozygous for the two 
reces'ive genes ■■•Lsl: and f.sjf.sj. In thc'C plants which were monogametic, the 
fs gene completely nullified the action of .iksL. The purely male plant' were 
genetically .s/.-.s.br.Sj/.sj. That is. they were homo/.yaous for the silkless gene. 
sA’.s/.', which conditioned the production of aboited oc'aries. They were 
heterozvgous ini' rh.e ta''el-sped gene. whii-h in thi' state had no 

visible effect on the production of pollen. BecaU'C the male plants were 
heterozvgous foi one pair of the conditioninii aenes. F.sJ.'j, they were 
heterogamet ic That i'. they pioduced two types ut pollen and e\entnally 
t'.vo tvpc' o! male siamete'. 1 he.'C type' wi're .si 7 and .■<kts Iciuei'on also 
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obtained dioecious strains of maize involving other specific genes. These 
investigations with maize demonstrated the production of a choecious strain 
of plants from a normally monoecious strain by the recombination of genes 
that act in fundamental expre-s.sions of sex. Genes influencing sex are thought 
to be common in plants. In corn at least nine of the ten pairs of chromosomes 
contain genes influencing the expression of sex. 

Genetic and Environmental Factors in Sex Expression 

Schaffuei and other inve-itigators attempted to sliow that the sex of plants is 
deternuiicd by phcsiolouical and ecological factors, with the sex chromosomes merely 
ail indication oi the 'Cxual condition. Accordingly factors of nutrition and varying 
dcgii'C' ni light intensity might influence the expression of sex in plants even to a 
complete lei'emal ot sex. Beaiing ujioii this topic are other suggestions that the 
-ei-eial uenotypes iuvie to sexuality in plaiit.s may have various phenotypic expres- 
'ioii' .'^('xuality. ju't as many other eluiraeteis. is the resultant of both genetic and 
cnvii oiimeuTal iaefors. Frequently insiiflieieiit coiisiderutioii has been given to the 
jios'ibilit\' that a taetor complex I'oii.sistiiig of many genes may be fundamental in 
Ne\ detm nunatiou in plants There might abo be multiple ullelisni in the sex factors. 
Miilti|ile allclism as an exiilanatioii of .strong and weak sexuality would accord 
geiietiealh' with 'iinilar 'itiiations m some insects. 

The impoitanee of Ntriietiiral aberrations in the sex chi omosomes also deserves 
eon-ideration when the pi is^ible effects of environmental taetors in sex determination 
aie studied .'^oiiie apparently environmental infliteiiees on sex determination might 
)ia\'e been the i'e-.nlt ot stnietiiial changes in ehromo.sonip.s which created a genetic 
unbalance linvironineiital etf'ect' in the control of sex expression would be more 
'trikiiig m tiiriU' with a weak or eritieally unbalaiieed genotype lor sex determination 

Questions and Problems 

1 . What 1' the normal -exual eonditiou iii the higher aiiinials? 

2. Will le in the aiDiii.d kingdom is hei niaphroditisni the nornial condition'’ 

4 What I' the g'l netn o I'is fm the devclopnient of sexual dift’erenees in animals'? 

4. 1' -ex dt teiniiiiation gcneTieallv simple or roiaplex'’ Di-cuss the chromosomes 
and gene- .n\'oi\'ed. 

.■) Li-r r'ce three gmup- or laetiu- which iiiteiaet in the production ot aoxiutl eharac- 

ti ! i-r,.'- 

P I)i-t iig'..-: .-ex deter miiiarion and sex differentiation. 

7. i b IV . !i I -e\ T'.; I in.i i-ii.me- .lud auti'-omc- differ'’ In apjieai mice? In their effects? 
\\ '..‘t are -I'Cie I r tr.e otliei uaiue^ lui ^e.\ ehiiunosonies? 

5 Lxin.m ri.eXX-XYc hioioii-ome b.i-i- 1,1 -ex determination How do unusual 
-e\ t’ oe- in /;■ ,e,,ii'-. ' 1 originate''’ 

!t Wli.'t I- ri.e genetic ba-i- nf -ex . leteiiiiiiiarii Ui HI man'’ 

pi H'lV iloe- tI i'XX-XO typeot -e\ i letci lull l.ltli i n 1 1 iffi'I Hum t he XX-XY tvpC? 

11 \ticH ’- " Y-'l ! I Uin --I line I I Illil Ilex’ 

12. W'n ;• -■■'.ud type- a'l- |e,-,,g|,iz,.,l in bee.-? What 1 - t!;e chi Oluo-I Ilnal ba-i- for 

I leta' n.i, i ,1-,, .1, ' 'Ce- ’ 

i ; IldU 1- , -"v ■ It." "Ot t-ned ’ r)i-tinguiah between tli" -ex lat.",- olitained at 

-I’.i'l-*' '- : f’ ' ..a : .-ri ■' V "I .Hiiiiiai- 

■| t 'W'''a .- ’ :■[•••. 'I • r • ■a r- e uiaoniai .’ i.xol.iin -ome the probabh 

oci-'C,- ■iiwq.ia. 'lUi.ib..;- n. ■ "- lUH ri-n.aie.. 

P'l Wiia.r 1 ' 'i." anu tftiaiy -e\ -aTin- m hum, in being,-'’ What .iie 

;i"~-'ii'e •' m-e- "• dllle’e'ii'e^ .tl the-e iri,.- ' 
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16. What accounts for the change in sex ratio determined from the 1940 census data 
as compared with previous census data? 

17. What is meant by sex reversal? 

18. What is frequently the cause of sex reversal? 

19. How is free martinism in cattle explained? Has theie been any experimental 
demonstration of freemartinism? 

20. Explain what is meant by hermaphroditism? 

21. Describe the anatomical basis of cryptorchidism. 

22. What is a gynandromorph? 

23. Describe the characteristics of gynandromorphs which have been found in 
Drosophila. 

24. How is the elimination of an X chromosome related t<i the oiigiu of gynandro- 
morphs in Drosophila? How also can gynandromorphs originate? 

25. What is the chromosomal constitution of intersexes and supei'sexes in Drosophila? 
Account for the occurrence of these types. 

26. How have supersexes been produced experimentally? 

27. What is the genic balance theory of sex determination? lilustraTe with data from 
Drosophila studies. 

28. How was a numerical sex index worked out? 

29. Xame some other factors, genetic or environmental, liesides those alieady dis- 
cussed. which influence exj.ires.sion of .sex in animals. 

30. Are plants as sharply differentiaterl sexually as animals are? 

31. To what ;ilaiits are the terms homothollisin and iKlrrothallism aiijilied? 

32. Explain the use of the terms movodirwas and didinous as applied to jilants. 

33. What are monoecious plants ami dioecious jilants as applieil to flowering plants? 

34. In what plant was a sex chromosome first discovered? 

35. What is the sex-determimiig meclianism in lower plants sui-ii as the liveiwoits 
and mosses? 

36. State the important facts concerning the discovery of X and Y clirnmosumcs in 
the floweiing plants. 

37. Describe the chromosome situation in the common cultivated hemp jilant, with 
special emi)ha.sis on the se.x-determiiiing mechanism. 

3S. What sjiccies oi plants have a Y-clirmno^ome complex? 

39. Do the X and Y chromosomes influence .sexuality in the gaiiictophyte.' ut the 
flowering plants? 

40. If. as seems jios~iblo, the sex chroiuo.some.s aie without influence on the gameto- 
phytic tis.sues of flowering plants, wheie and liow aie these strui tuics differenti- 
ated .sexually? 

41. Cite some e\'idence to show that the genetic basis of sex in jilant' is comjilex. 

42. Is there any po.'sible lelation.shijj between the natuie of the genetir ba-is lor sex 
ilctei mi nation anil the influence of the environment on sex exiiic"ii ui in jilauts? 

43. ^5 hat tyjies of sexual form' have been found in the jirogonies of iHilyjilniil animals? 

44. Be'idc' the fart of unbalance lietween the X l•hromosoI!le' and tlie 'ex geiiC' on 
the autiisiimes, has any abnormal cytological behavior been ob'erved in jioly- 
ploiiis'’ De.scribe. 
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section 10 


Twins and Human Heredity 


Reuecurrence of family traits has led to general acceptance of heritahility oi 
some of the ohviuus physical characteristics of human beings. There is nevertheless a 
too geueial reluctance to believe that more obscure physical characteristics, and 
particularly those e.xpressing themselves in mental attributes, are also determined 
by inheritance. Biologically considered, however, man is an animal with organs 
fuiictioniiiii as those ot the lower animals. The hereditary background ol man's 
cliaracteii'tics. thou.gh often undetermined, must resemble the genetics of similar 
traits in other animals. Experimentation to determine inheritance of traits in man 
is i.ibviously impractical. There are, however, other iiiethoils of studying human 
inheritance. Aniih/.-^is uf family histories, compaiative studie> of identical and non- 
identmal twins, and .stati.sttcal tfchnniues of poyutation qenetics have all been used in 
gathering inioimation about heritable traits in human beings. A .scitncf of human 
genetics i.s dtcelaping. 
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chapter 25 


Twins and Multiple Births 


Popular intorest in human twin,- <'entpr.^ around the r-lose resemblance 
of identictd twin.s or the lack of it in nonidenticul pairs. Story and drama 
make fre<iuent use of the theme ol twin.s who.se similarity is confusing even to 
intimate a.ssociates. The -ubjt'ct of twinniii.si and multiple births is not (tnly 
of universal popular intert^-r but is of scientilie importance. Studies of 
twins have been tindertaken for their contributions to the subject of heredity 
as well as for their immeiliate interest. In human beings the distinction 
between identical and Irati'rnal twin,-, l)ased (Ui their origin, makes possible 
a comparison of the relative impoitance of heredity and environment in the 
development of individuals. Jdentii'al twins reared apart have been especi- 
ally good subjects in these studies. 

Lower animals generally produce large numbers of young. Insects, 
spiders, fish, Amphibia, ivptilc-. and bird< vary in the number of offspring 
they produce, but in general they have largtn' numbers than mammals. 
As the complexity of organisin' uicrcu'es. then' appears to be a correspond- 
ing iiiciease in the cure given to tlie youmi and along with this a decrease in 
the number of youmi produceil Among mammals rodents generally have 
large litters, and cats and dog' likewi'C may produce as many as S or 12 
young at one time. An Engli'h .'etter in Saint .lohn, New Brunswick, was 
credited with producing and mir'ing lb pup'. 

Farm animals, witli the excciuioii of swiiie. U'Ually produce small num- 
bers of ullspiiiig. Ill swiiie. which commniily produce a number of young, 
tw ins which were pre'iimalily iileiit ii-al have been ub'ei'ved along with other 
young in a single litter. Cattle, swine, and dogs are known to exhibit the 
phenomenon of pi rn tnt/on nr the production of tiro or mor> young at one 
time bx- two .'fo This may be ii'cd a.' a control in studies of heredity of 
'evcral breeds. A (duerii'ey i-nw. fur instance, produced twin calves which 
were not full sister.s Fig. ISd . The 'ire.s were an Angus and a Hereford. If 
breeil' diheriug in color and other prominent characteristics are being 
studietl. the young (.if two ijifferent 'ire' in a single litter can serve a' valuable 
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material in the study of inheritance under presumably similar prenatal 
physiological conditions. 

TWINS AND MULTIPLE BIRTHS IN FARM ANIM.ALS. In sheep and 
goats tu'inning is not unusual, and it may occur with about equal frequency in both 
types of animals. Some strains of sheep have been established in which twin births 
may occur more frequently than single births. In ordinary strains fewer than one- 
fifth of all births are twin birth.s. The economic advantages in increased meat and 
wool production of the frecjuently twinning races are readily apparent. Their per- 



Fig. 1's 3 GrKRN'-KY Cow .\ND Her IIalf-'I-ter Twin Calves. 

The cow had been bred to both an .4ngu< and a Hereford bull. Cue of the calves, 
right, ha- the ty]iical Herefiird markings, though the amount of white a little lesr- 
than avpiage. The other calf, left, show^ the AngU' characteristics The sire of 
each calf thu- could !>e idpntifie<l in this rare cusp i Coiirte.sy, E. L. Vieth, from 


octuatioii l^ dependent, howt-ver. on sutficieut milk production by the ewes foi 
iioui i-liinent oi both laiiil" Tuinning in sheep was studied irom the aiiatoimcal 
'.'leu point bv Henning who foiinil evhlence oi occa'ioiial monovular oiigiii of two 
fctU'C- 

.■sheep and goaf- ,ire known to produi-e 7 / 0 , /tfp/* bii tli- a- well a- twins. Wil-i ui ami 
( iregnrv leported the biith of -pxtuple lambs Fig Isdc of which five -.urvived foi 
several weeks at iea-t tci the time ol the v riting of the icporti. In a herd of ilairv 
gii.it.s in PenriS\'’.vania. e.ne doe was reported as Laving given biitii to a set cii triplrt.< 
in each of three e-on-ecutive years This was fo;lovp,l hy -ct- of g , ;„t.i in 193( 
s.nd in !!Ios Fig. Iso . Re-risc F Patt, the Lei ; ••v.ne:. ob^pive.i this unusual fer- 
tilits’ witii great inteicsr Ijut reic-rted ;n IPdl th.-.t the feciniihry o; tiie inud had not 
Msen noticcatiiy above that of the bieci! Multiplet- lu goats have also been repuited 
!rom California. The Jo ,a lltrtdHj, (October lP4b, ha- l an account of fraternal 
quintuple (’.lives born on a farm near Fairbiiry, Nebraska. Thi- .-et consisted of loin 
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males and a modified female with intersex or freemartin characteristics. The calves 
differed in color, color markings, hair-whorl patterns, weight at birth, and rates of 
growth, indicating their fraternal rather than identical nature. 



Fig. 1s4. A Litter of Six Living Lamb.s Which Is Regarded as Highly Exci;?- 

TIOXAL. 

(Courtesy, .1. F. Wilson and D. W. Gregory, from .7. HfruJity.) 


In larger domestic animals twinning occurs kss frcquc ntly than in the case.s above, 
as may be noted Irom the following comparisons baseil on data from tlie United 
States Department of Agiiculture; 


Dairv Cattle 


Beef Cattle 
Goats 


ITot.ses 


ys ' ; are single births 

2' r twins ami multiple births, but mostly twins 
1 in 100 are triplet- 
1 in 14,000 quadiiiplets 
y.o..5'i are single birtli- 
19.4 '7 aie single biith- 
HI '7 are twins 
22 G are triplet' 

O.H''; are quadriip!(-t' 

Os.o'f are 'ingle biirh' 




m 






mm 








Fi(, In.'). (..'t'lNiriT.Li- aM))N(, (auaI', 
(Courte.>y. W. \ I’att. 2ii(l. inmi T/,, Riwling Eagle.) 


Twins in Human Beings 

ProhaVily the rarity of the oia-iirrenee nt twiii^ in Imman beings accounts 
for the ititere.'t their appearaTiee uiuver'aily cxi-ite.'' Avaiial)ic .'tatiNtics 
rcceai that twi'.i' ueeiir in the tiiiman pejiiilation of the I'liitcd .'^tatC' about 
(Hire Hi ss tiii'th' .\i'o m the T niti .1 >tare-. twinnitm i' found to occur rno.^t 
fieoueiitly in an ai'ea in the .''outh .md lu the northern plain' region^ and is 
nil’ll' tieouent ainotu' Xesirne' tlia'i ainona 'Ahite' Twinning among the 
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Japanese and other Asiatics generally is rare. Among Japanese, twin births 
occur about once in 301 births compared with once in 87.3 births for the 
white race in the United States and once in 82-85 births for Germany, 
Italy, and Scotland. It has been found that the frequency of surviving twins 
in the adult population is about 80 per cent of the frequency among the 
newborn, indicating higher mortality among twins than in the general 
population. 



Fii; Isfv. Fi!ATLi:XAr. Twix-, 

I Com ti -y, Pe.irl and Ruby Lee.,) 

THE XATT RE AXD < )RI(;iX <_)F TU IXS. The terms identical and 
Jratirnal are u.-^ed to di.-tingui-h between twin pairs or members of multiple 
birth groups which are very :'imilar and those which are no more alike than 
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any other brothers and sisters (Fig. 186). ^lembers of twin pairs may or may 
not be identical, and among multiple births some or all of the individuals 
may be either identical or not identical. From a record of 279,237 sets of 
twins, about 93,827, or slightly over 33 per cent, were reported by Hamlett 
as identical. Distinction between identical twins and ordinary or fraternal 
twins is based on degree of resemblance and their origin. 

Identical twins are considered to be monozygotic, that is, they have 
originated from a single ovum or egg fertilized by a single sperm. Subse- 
cpient division of this fertilized egg forms two identical embryos. Identical 
twins, therefore, have identical genotypes, and because of the chromosomal 
differentiation between the sexes in human beings, it is assumed that 
identical twins must be of the same sex. Fraternal twins are dizygotic, that 
is, they are the product of two distinct ova or eggs which have been sepa- 
rately fertilized by different sperms. Fraternal twins each have a distinct 
inheritance. Their genotypes are different. In fact, a pair of fraternal twins 
might actually have two fathers. This possibility was recently featured in a 
news item concerning the claim of two men to the paternity of a pair of 
twins. Fraternal twins differ from each other as much as any other brothers 
and sisters fsiblingsi born at different times and may be of like or unlike 
sex. 

A signiticant basis for postulating distinct origin of two kinds of twins is 
apparent in the sex ratios found among twins: that is, twin pairs of male- 
male, female-female, and male-female occur in the ratio of 1:1:1. On the 
assumption that approximately one-third of all twin births are identical 
twins and thus of the same sex, there would be about 16 per cent males and 
16 per cent female': of the remaining two-thirds, it would be as.sumed that 
I 4 , would he males, '4 females, and b_> would be male-female or 16 per cent 
males, 32 per cent male-female, and 16 per ci-nt females. Or, if the identical 
(^like-sexed 1 twins show a ratio of 1 : 1 and form ' 4 of all twins, and fraternal 
twins .'how a ratio of 1 : 2:1 and form the other -y of all twins, the combined 
ratio' will be appro.ximately a 1:1:1 ratio ot twin pairs. Data on the sex 
ratios c(jntirm this a.ssumption. If there were only one type of twins as to 
origin, the .sex ratio ought to be 1 : 2 : 1 . 

Mnxozvin iTii (.)kigix of Twixs. Ihe idea of the monozygotic origin of 
twins among vertebrates including man ha' been developed by analogy 
from an interesting 'tudy of a small hard-shelled animal, the armadillo. 
.Vccording to Xewnian and Patterson, in emhryological studie- made on 
armadillo.', the actual process of division of a single egg into four or more 
embryo.' was observed iFig. 18, > INlonuzygotic origin of twins has also 
ot'cn f'stabli'hed in observed igi'e' in 'lu‘t*p and 'Wine. Xewman reports 
further that the- oeeurrenee ot an early t»ne-egg human twin embrc'o ha- 
been actually demoii'trateil by Streeter. 

1 he stage in the developmetit of the fertilized egg or zygote ; or embryo' 
,it which the division occurs which results in twin erabrvos has been .a 
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subject of speculation by embryologists and students of twinning. The 
e.xact nature of the very early stages in the development of the human 
embryo, that is, from 10 to 12 days, has been entirely unknown until 
recently. Some information about the very early development of human 
ovarian eggs has been accumulated. In 1944 Rock and ISIenkin published 
an account of the fertilization and early cleavage of human eggs cultured in 
vitro. They observed two eggs in the two-cell stage 40.5 and 45 hours, 
respectively, following contact with spermatozoa. Two others were seen in 
the three-cell stage 46 hours after exposure to spermatozoa. While the.se 
observations do not give a full account of the early embryology in human 
beings they furnish some background for the assumption that events pro- 
ceed in human beings much as they do in other mammals. 



Fig. 1S7. Armadillo with Her iloxozYGoTic Qu.cdrufllts. 

These animals customarily produce four identical quadruplets. (Courtesy, The 
Armadillo Farm, Comfort, Te.xas.) 

CRITERIA OF IDENTITY IN TWINS. In studies of twins to 
determine whether they are fraternal or identical, a combination of charac- 
teristics is required. Usually when twins are so similar that mo.st people 
frequently mistake their identity, further study proves them to be identical. 
If twins are to be considered identical, they should show great similarity 
in most of the following re.-^pect.s: stature, ivcight. facial features, and type 
and ’proportion of hands and fingers. The hair of each should be alike, not 
only in color but also in texture and form, such as degree of fineness and 
curliness. The eyes should be alike in the pigment pattern on the iris, in 
addition to general color: complexion, too, unless notably modified by ex- 
posure, and distribution of body down or hair should be similar. Finally, 
the teeth and any irregularities in dentition prove to be alike in identical 
twins. Blood groups and types are also studied in determinations of the nature 
of twin pairs, and identical twins will have the same characteristics of the 
blood. 

The microscopic character of the friction ridges of fingers and palms 
has also been studied, and often the patterns show a stronger cross-re- 
semblance in the members of a twin pair than on the two hands of one of 
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the twins. This phenomenon has been railed mirror imaging or rmrml oj 
.'iijmnietry. In extreme rases revensal ha.s been ob.^er\•ed m iin ersed orienta- 
ti<jii of digestive organs or of the heart. A minor rhararter that may show- 
mirror imaging is the whorl of the hair of the head, that i.s, in some twin 
pairs one may have a rlorkwise and the other a rounterrlorkwise whorl. 
The reversal of symmetry has also been found in other features, such as 
facial asymmetries, dental irregularities, and left- or right-handedness. 
Left-hainledness orriirs nearly twice as frequently (11 per rent) in twins of 
both kinds as among the single born ib.d per rent). Reversed symmetry is 
sometimes used a-; an additional indication of monozygotic origin of twins, 
but its absence does not deny it. 

IXHFdUTAXCE OF THE TEXDEXCY TO TWIXXIXG. It is 
rather generally supposed that the tendency to twinning and multiple births 
in man is inherited in some families. One interesting study which was 
recently reported centered about S\vl.s:^ (juadruplets who hail attained the 
age of (id year.'. 'I'here were several multiple bii'th relatives. Twinning wa.s 
demonstrated in both maternal anrl paternal line> in 8 of IS rase.s anti in one 
or the other line in 10 of the rases. Tlii' author a.'sumed a recessive gene tor 
t\\ imiina. W hen thi' i.' present in the homozygous condition, he thinks either 
the male or ftmiale Ini' the rapacity to be the parent of itleutiral orfraternal 
twill' Study of the families in which twiii' and multiple births occur sugge.sts 
that the ti mh nni lor flu proil nction of nuiy hr irdun'ti fL It ha.s even 

been thought that this tendency may be inlu'rited through the male line, 
hut the nu'rliaiii'm of inlmritance i' at present unknown. In coiinertion 
with the lu'iidm-non nf frateinal tuiii'. it i' (piite possible that ovulation of 
two HI nioi'r eggs at one lime nupv occur irequeutly. A physical b.a.'is lor 
multiple o\-ulanou lui' been iletermined by actual studies of certain cases, 
and phv'ical 'trmture' iii general are heic.litarily determined. Since the 
fci-rilized egg couTani' genc' iroin the male and the female parent', both 
linc' may be ciiually iii'-olve<l in the dete! mination oi any of it' subsequent 
1 lelunioi'. 

jios'ible method by whiidi the male rnie mat' determine twinning is 
suggested in the h.vpothc'i^, advam-ed tii'st by Danforth and later supported 
by ('urtiu' and ( Ireulich. that the sperm of some men may caU'e the ovum to 
form two l ells Both oi the-c eol!' could then be fertilized, each by a diiter- 
ent '[term Twni' 'o prodiicerl would have the identical maternal inheritance 
coupled with di'tiiii’t paternal inheritance. Thev might be of like or unlike 
'CX anil Would presumably be mti i oo ilinti between identical and Iratci'iial 
twill' ill thru- degreo oi likcnes-. of nio't phy'ieal l•hal'acTen'tics. A recent 
study by .''outhvvick invob. nig !tl!) jiairs of t\'-n;' in kindred' showed that 
identical Twin- are nne-h more trequeiiT iti kindred- with other twin- than 
in those without I )i;e author l•onl■!llded that two genetii-aily linked gene' 
on an antn'orna! ehromo'ome conditioii tic production of monozygotic 
and dizygotic Twin- According to this investigation, which included 1.131 
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pairs of twins, there would be no basis for the assumption that twinning is 
determined by the male parental line. 

Physical and Mental Characteristics of Twins 

Studies of twins dealing with physical characteristics and with mental 
traits have assumed importance as a new technic[ue in the study of human 
heredity. The contrasting origins of identical and fraternal twins are now' 
know'll to imply an identical genotypic constitution for members of identical 
twin pairs as compared with distinct genotypes for fraternal twins. Large- 
scale com])arati\'e stndii s of tJu two l-iod.': of twirn^. therefi'ire. can be expected 
to yield ilata concerning tin rrlalii'c importance of hcrcditij and environnunt. 

Se\'('ral in\'estigations have been made of heart aetieity in tw'ins by com- 
parati\e studies of the electric currents which accompany it. The records of 
these currmits are known as electrocardiograms. One author, using lOh pairs 
of twins. .">3 of them monozygotic and bS dizygotic, concluded that the mono- 
zygotic twins showed a gri'at preponderance of similar electrocardiograms in 
companson with the dizygotic twins. Such a conclusion, if well founded, 
would strengthen the case for heredity, since the monozygotic twins pre- 
sumably have an identical inhm'itance. .\nother cardtogi’aphic study of oO 
pairs of tw'ins. however, pi'iinted to the individuality of the activity of the 
heart and thert'hy adds nothing to the ca'C for henality. 

( )ne student of thi‘ ox-fijieation or liardiniing of bones concluded tliat 
generic factors control the chronological oi'der of ossiheation. tsome of the 
e\'idence was supjilied in the roentgenograms of the hands of the IMorlak 
riuadruplets who are identical Pictures of the hones of the hands of these 
four giiis were so nearly alike in comparison with expectations based on 
pre\'ioUs studies that hereditary control is assumed to determine the order 
in which the hones i.if rht' hand are ossitied .Vnoth(‘r stiid>‘ is concerned with 
the ^f/iiehiri itf till hruiii. Praiiis i.if monozygotic and dizygotic jiairs of 
twills who died soon after birth were eomiiareil. Since there was much 
greater similarity in tlie i ompli'xity and fi'etpiencv ot the convi.ilutioiis of 
the hrains of the monozygotic than of the dizygotic tw ins, brain patterns are 
thouiiht to be heritable A stiiily of acne and similar skin afhictions showed 
nreat similarity and only sliofn differciict's in 3<i pail's of monozygotic 
twills, while I'J pairs of dizvgotic twins showed marked differences in tht'se 
traits. 

IXi IDEM L OF DIsEVsE IX Tw'IXS 

7'(di, /'cc/o.v’.s >n tirin', has been studied by IJiehl and Verschuer. who 
loiind a hmh dearee oi concordance in identical or monozysotic twins. In 
ideiitii al twin pail', 'when one w'U' reported as having tuberciilo'i', the 
otliei ai'o had the di'ea't‘ in 70 pei cent of the ca'Cs. Vnioint' fraternal 
twill' the pall' in which both nnnnbei' were i iiberculou' were only ’2~t per 
' ent of the liioU!) d'heie was al'o a higil decree ot coni'orda lice in the nature 
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of the tuberculosis, that is. the organ affected and the length of the illness. 
One unusually striking case of similarity of identical twins revealed that 
both members had developed the disease at almost the same time and 
showed the infection in nearly identical region.s in the upper lobe of the 
left lung These data are interpreted as indicating a genetic background for 
the development of tuberculo.sis, though the exact factors are not yet known. 

Another physical characteristic studied in twins is the development oj 
tumors. Ur. INIadge Macklin has a.ssembled data from medical literature 
and added a number of new cases of monozygotic and dizygotic twins with 
tumors. Of these 105 pairs of twins, 62 were identical and 4.3 fraternal. 
Of the identical twins, more than 60 per cent were both affected, and nearly 
60 per cent showed the tumor to be of the same type and at the same site. 
The tlifference in age of onset varied from 0.6 to 1.5 years. In the fraternal 
twins, both members were affected in fewer than 38 per cent of the cases, 
the tumor was of the same type in about 20 per cent of the cases, and the 
age of on.'et in the twin members varied from nearly 3 to nearly 8 years. 
( ’oncordance was, therefore, much greater in the identit-al than in the 
fraternal twin [lairs On this basis. Dr. Macklin concludes that "hereditary 
factors play a 'trong role in determining not only the presence of the tumor 
and its type, but al.'o the time of its appearance,’' 

NoU.M.CL and .VHNOILM.XL M K.VT.tL CoXDITIO.Ns I.N TwiNS 

Twin pairs showing abnormal mental states havf* also been investigated. 
In general, these' show that when one member of a pair of twins has a mental 
abnormality or b(.)th of them are much more frequently affected 

when they are identical than when they are fraternal twins. In cases of 
(hjm ntia pratro.r in i<lentical twin-;, its onset was usually found to be at 
the same age In a stntly iif the type of insanity known as schi:ophrtnia, 
of identical twins, both members were affected in 68 per cent of the cases 
an<l. of tiaternal twin-, only 14 per cent .'howed the abnormality in both 
member'. 

( IlIlNIIX.VLi 1 5 AM(4X(,i I WINS Criminals among twins have been 
the subject of a recent 'tudy which indicated that, of fraternal twin pairs, 
'lightly more than halt ~howpd concordance or both members a.' criminals. 
.Vtuoiig identical twill' thi' concordance ro'C to two-third.'; thi' percentage 
may be tniidined by the author' ob'ervation that often in discordant 
identical' the noncriniinal had really a criminal career but had e.-?caped 
conviction, .■'ince the identical twin', who by definition have an identical 
heredity, 'O iitten have 'imilar criminal careers, various .'tudents assert 
tha" geu'-tic factor.' are important in the determination of criminal behavior. 

THE lfKI..\TI\ K .VBlI.riTE.'^ < )F T5\TX8, Mi.'cellaneoti' character- 
I'Tics winch are .mi'ortanf in per'onaiiry and in mentality ha\’e lieen i'O- 
lateii foi 'tinix I lotl 'ctiaiilt 'tiidied 'ome ot tiiC'c in a numlier of identical 
and Irnieina' i -viii' ."'Uila'iile tc'i' ueie de\i'ed to inea'Ure re.'poti'i venc". 
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motives, ability to find objects, etc., and these showed 94 per cent of con- 
cordance in identical twins and only 26 per cent of concordance in non- 
identical twins. Various experiments which were carried on with pairs of 
twins in concentration camps are interpreted as showing the predominant 
potency of hereditary factors over environment in determining character. 

There is some basis for the common belief that member' of twin pairs 
may be unequal in their abilities. When such an ine([uality exist^. it may lie 
readily explained on the ba.sis of an imbalance in the placental blood ex- 
change. The imbalance may be minor or sufficiently great to result in the 
death of one twin. One author has suggested the possibility that many 
single-birth individuals may actually have had a twin at an early stage in 
prenatal development. There is probably no valid reason to believe that the 
average level of capacity, physical or mental, of twins is either less or greater 
than that of the general population of the single born. 

THE INFLUENCE OF HEREDITY .\ND ENN'IRONMENT IN 
TWINS. Many phases of inheritance in twins are being studied, not only 
for their hearing on knowledge about twins but also in the interest of a 
wider knowledgt' of inheritance in general, .\mong these are the interesting 
cases of twins reared apart and reported by Newman. Freeman, and Hok- 
inger. Identical twins which had been reared apart from infancy were sought 
over a number of years, and comparisons were made l.ietween these and 
pairs of identical and fraternal twins who grew up in the same environ- 
ments. The authors conclude that the identical twins are much more alike 
than the fraternal twins in most of the traits measured. When dift'erences 
are found between identical twins reared togethin', biologists are likely to 
attribute them largely to prenatal factors. Tlnw point out. however, that if 
there are any early ditferences leading to greater assertiveness on the part oi 
one twin over the other, this feature may become accentuated with time as 
both twins consistently react toward each other in the same tvay. Personal- 
ity differences of identical twins may then become greater with age. 

An important role is attributed t<_i the enx ironmental factor in producing 
differences in the case of identical twins reared apart. In the case of separated 
identical twins, the environmental factor can produce tlifferences as great 
or greater than those produced when both hereditary and environmental 
factors operate within twin families as in the case of fraternal twins reared 
together. Small difference' in environment, however, have no effect in 
producing significant ditferenees in identical twin' reared apart. In some of 
the tests, significant currthitKjn-'- were found between the differences between 
identical twins reared apart and the estimated amount of difference between 
their respective environment', t'orrelatioiis. it may be pointed out. are 
statistical measures of relationship A perfect correlation i- expressed by 
the whole numlier 1. Fractions of the number 1 indicate Ic" perfect eorreia- 
tions. \'arious involved statistical methods are (-mployed To tP't the 'ia- 
nificaiice of correlations. The clo'e.'t correlation wa' between 'chooiina 
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and educational achievement (0.91). It was somewhat ies.s close between 
schooling and intelligence (0.40 to 0.79) and least between social environ- 
ment and intelligence (,0.42 to 0.53). 

Diffei'ence.s in the environment as shown in separated identical twins 
were judged sufficient to have produced ditferences in weight, ability, and 
behavior large enough to overshadow the genetic differences which occur 
between siblings (^brother.s and si.sters). The authors have suggested that 
different leveh of behavior are differently modiffable by environment. In 
general, abilities organized to meet specific demands and answer specific 
problems are measurable and show correlations with environment. The 
differences in personality mea.sures of .separated twins had negligible corre- 
lation with the differences in environment so far as they could be ascertained. 

The solution of the question of the relative share of environmental and 
genetic differences may only he approached under a given set of circum- 
stances. Xo general anscver can a.', yet be given. Educators will be intere-'ted 
in the conclusion that identical twins reared under extreme differences in 
educational and social environments showed siguiffcant change.s in intelh- 
gence and educational achievement as measured by the tests the authors 
employed. The general conclusion is that the share of environment in deter' 
mining traits whicli are .susceptible to environmental influences is large 
when the environment differs greatly as compared with heredity. But 
when the genetic differem-e is large and the environmental difference is 
small, the .-hare of heredit.v is relativelv large The reader must remember, 
however, that environment cannot eff'ect changes exceeding the genetic 
potentialitie- of the individual. 

Multiple Births in Human Beings 

The hirth and development of the Dioime quintiipleT' in t’anada focused atten- 
tion on the phenonienon of multiple birth- in human beina- The publii-ity accoi'ded 
the Dioime ■'quints" made ' news" (,t .,11 multiple hirth- .4 new-paper report in 
1041 reterred to the birth of quintuplet- in Brazil, hut thiee ot these died. Po.s.sihly 
authentic wa- the leport ol the birth or (|uintuplets to the Dili.genti family in Argen- 
tina on .Tuly lo. 1!)4.'>. < »ther even less reliable reports mention a set oi soxtuplets 
eonsi-tina i.if four boys and two girls horn to a family named F.-quivel in Potosi 
near Hivaii. Nicaragua, and a set of -eptupiet-. six imy- ami one girl. Irorii to a 
de I.opez family living near- Zamora, in the -rate ot Michoacaii, Mexico. There b an 
older report cipiicermng -extuprlets iiorri .September U, hshli, to a latiiily tiameil Ru-h- 
nell in the I'nited .State-, The Bu-hnell sextuplet- are -aiil all to luu’e survived with 
at lpa.st -oiac oi them reaching m.tturity. 

FrEiU'ENi Y OF Mt-I.TIPLF. BrUTH' IX Ilt'M.tX Beixgs 

A- mentioned ii:e\rou-iy. twin- orcui about om e in ss liirtl;,- .ii the white race 
in the I'niTedi -tatc- Thi- figun ha- bee;, u-._-d m e.dculatnig the pi'.--i!)le number o! 
niuitinle tint!.- -c,. h trrplft-, iiiiadrnpiet-, and fiuintuplet- m the population. 
(Ine we!l-kno\>. ii anaiy-i- -et- the rehuive frtajuency or nnJtiple tiirth- .i- follow-, on 
the ba-is of the I lecui lenee of twin- once in n number or time- Tr iniet- aie thought to 
oi'cur once in r-- numiip! of births and quadruplets once in rG tcrtli-. In calculating 
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the theoretical possibilities of the frequencies of multiple births, it must be realized 
that biologically multiple births such as triplets, quadruplets, and quintuplets are 
not merely twins multiplied. The substitution of 88 for n in the calculation is a means 
of approximating the possible frequency and maj' indicate expectations as follows: 

n- = 7,744: that is, triplets 1 in 7,744 births 

11 ^ — 6S1.472: that is, quailruplets 1 in 681,472 births 

= 59, 969, .536: that is, quintuplets 1 in appro.ximately 60.000,000 births 
11 = = 959,512,576. that is. sextuplets 1 in nearly a billion births 
n® = 8,443,710.704: that is, septuplets 1 in eight and one-half billion births. 



Fig. ISs. Thl Dionne Quintuplets at the Agl of 5 Years. 

Left to riuht, Emilie, Annette. Cecile. Marie, and A'vonne. These girls have been 
judged to be identical qumtiqilets and thu.s presumably of monozygotic origin. 
(World Copyright. 1939, XEA Service, Inc.) 

Other investigations, however, furnish data that vary from these estimates. 
Hamlett has gathered statistics which show that actually triplets occur 14 per cent 
less lipquently than once in 7,744 and quadruplets 19 pei cent more frequently than 
once m 6sl,472 births. There seems also to be a racial difference in the frequency of 
multiple liirth' much as has been found in twinning. .Stramhkov estimated that 
quadruplets are born in Negro families once in 273,897 births or twice as frequently 
as in the white population of the United States. 

QL INTUPLETS. The figures on occurrence of multiple births empiha.size how 
uiiusual the iLomies oi Canada and the Diligenti children of Argentina really aie. 
Phey also mdii ate the unlikelihood of the oci urience of -eptuplets or even sextuplets. 
Extreme cauticjii in accepting any repoits of tlie^e limher multiple births is justified. 
The reports of sextuplets in Nicaragua and septuplets in Mexico must be regarded 
as unsubstantial until more data have been obtained. The Dionne quintuplets have 
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been thoroughly studied by scientists. Members of the medical profession have been 
interested in their physical condition and development, psychologists have studied 
their mental reactions, and geneticists have been concerned with their resemblances 
and their biological origin. Xo children in the world have been more intensively 
analyzed than the ‘'quints.” Aside from their number the most interesting feature 
about the Dionne quintuplets is that they are identical (Fig. 188). Many studies 
emphasize their close similarity and confirm the assumption of their monozygotic 
origin, that i.^, from a single fertilized egg. 


\h 














Fig. 189. Thl KuY' Quadruplets. 

Mona and Rnherta have been judsiod tn 1 k> identical twins, thus of monozygotic 
origin, ami Lcuta and Maiy fraternal, Thi< set of quadruplets was probably 
trizyaotic ' Courtesy. .J. R. Franchey and the Keys Quadruplets.) 

QUADRUrLFT.''. Ilainiett reported that there were 4s set' of quadruplets 
boHi in the Fnited Statvs between 191.3 ami 19oU. In a study of multiple births, 
Gardner and Xevnutn weie able to locate only 7 sets of quadruplets in which all 4 
Tiicnnic!' ’.vert- -uiviving in ]tt4'2. Thus, even quadruplets are not very common. 
Bt-'ide- the 7 'et' -.xith ill inciabeir- hvina. there aie other >ets with part of the mem- 
ber'!.;:' 'Uivivina. and other sets of quadruplets have been born since 1942. In a 
jene' of artmle', these ob.-erver.s state that quadruplets may be as good material 
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for scientific studies on multiple births as quintuplets and, because of their frequency, 
offer a greater variety of zygotic origins than the higher multiple bii ths. 

Among quadruplets are the Kaspars, born in Xew Jersey. These are of unlike 
sex, three boys and a girl, and therefore not identical. More recent studies of the 
Kaspar quadruplets indicate that the set is of dizygotic or two-egg origin, consisting 
of a set of identical monozygotic triplets, all males, and a -ingle-egg member the 
girl. 

The well-known Keys quadruplets (Fig. 1S9), while all girls, aie nevertheless not 
alike. One of these girls has blonde, wavj- hair, and the other three are dark and 
straight-haired. Since Xewman judged two of the four as identical monozygotic 
twins and the other two as fraternal, they are thought to be tnzygotic, that is, of 
three-egg origin. Another set of girls, the Morlak quadruplets, is' considered to’ be 
identical and thus monozygotic or of one-egg origin. However, the PeiTicone quad- 

Table XLIX 


The Fwe Theoretic 

ALLY Possible IMethod.s of Zyootic Orioix of 

Quadruplets 

TyiJe Method of O/igin 


FosnibU. Sexes 

Exa in pie 

I Monozygotic or 

Cases in which all four of 

All four of one sex 

one-egg sets 

the identical quadrup- 

either 



let.- have developt-d 

1 1 ■ four males or 


II Dizygotic or 

from one zygote or fer- 
tilized egg 

(2 four females 

The Morlaks 

Cases in which the 

td; lour males 


two-egg sets 

quadruplets are (‘oin- 

\4i four fcmale- 

The Badgetts 


po.-ed Ilf a set of identi- 

1.5' three male- and 


cal triplets, all three de- 

one female 

The Kaspars 


veloped from otu' 

(til three female; 



zygote, and a single 
member developed from 
a second fertilized egg 

ami one male 



B. Cases in which the 

Probably never 



quadruplets consist of 

occurs 



III 


two pairs of identical 
monozygotic twin-. ea<-h 
pair developed from a 
single fertilized egg. 
There are genertcal rea- 
.sons to indicate that tlns 
combination may never 
develop 


IV 


Trizygotie or 

Cases in which the quad- 

> i ’ 

four males 

three-egg sets 

nqilet- con-i-t of one 

iS) 

four leiuales 


pair of identical mono- 

At 

three uiaie- and 


zygotic twill- developed 


one female 


from one zygote and 

lOi 

two male- and 


the other two inembpr- 


two females 


each from a .-ingle fer- 

■111 

one male and 


tilized egg 


three female- 

Tetrazygotic or 

Case- in w inch each of the 

, 12 

four males 

four-egg sets 

four member- of the 

(Id 

four female- 


quadruplets iloveloptd 

1 1 1 

three males and 


from a -ingle zygote. 


one female 


that i-, from four dis- 

(15- 

two male- and 


tinct egg- each sepa- 


two female- 


rately fertilized 

( 16. 

one male and 


The Kev; 


The Perriconp- 


The .'-chenses 


three females 
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riiplets, m 11 bovs, have been rlias' nosed a.s oi tetrazygotie origin, tiiat is, they were 
develoi)ed from hnii distiin-t and separately teitilized ova or zygotes. 

Another set of <iiiadru])lets, -oiuewhat youngei than the Peiiieone quadruplets, 
is the rfcheiises of ^^oiith Dakota. This spt consisting of two boys and two girls is 
also regarded as tetrazygotie or four-egg quadruplets. They lesemble each other no 
more than oi'dinary biother- and si-ters born at different times. The all-girl set of 
Ba<!uett iiiuidt uplets ol Dalvestoii, Te.xa.-, is thought to consist ol one .set of mono- 
zvgotie or (}ne-egg identical tiiplet- ami one single menibei. 

Mk-ihoD' or (.)r!gix of Ql'adrufllt.s and the Ixhf.retaxce 
OF IHl. Ti,.NI>K.\'(. Y FOR AIULTTPLE IflRIHs 

Gardner and New man emphasize that twins and multiiile births have been 
noted in the aiicesti y and collateral kindled ot families jiroducing qliadi uplets. This 
is especially noteii in the Badgett lamily in whieli the mother of the quadruplets is 
heisclf one oi a paii' of identical twins and the rather has a pair of twin brothers. 
Beside' these, then- are at least loul pah' ol twins and a set of triplets in the col- 
lateral hranche' ot the inothei oi the quadmplets. 

Newman i' iiiclineil to regaid the tendency to one-egg twinning as weakly m- 
henteil and the two-egg twinning' as depmnlent uiioii the fiist method oi at least 
ttivoreil hy it According To till' theorv. the first embryo to reach the uterus i.s im- 
planted 'i'lus implantation tends ti.i render the meiiibrune of the uterus temporarily 
re'i'taiit to turther impl.int.ation ThU', 11 theie aie ailditional fertilized eggs, their 
implantation i- delaved foi a time Thi' delay may givi' the second oi additional 
zvgotes tune to di\Tde. .m llock ,ind Menkiii 'how that the human ovarian cg'g may 
undi'igo I’le.it'age within 40 to 4s hoiU'. Later, before or after cleavage into twin 
pi'imorilia oi even into rjuaih iiple.\ oi multiple piiiiioi'ilia. second or additional 
implantation' ni,t\- occiii In ihi' way, two-egg twinning or multiple embryos may 
originate 

.\ccorihiig to Newm.in .md D.udnei. tlieie aie only five theoretieally possible 
method' ot zygotic oiigin oi qiiadiupiet' These arc 'hown m Table XLIX. 

Questions and Problems 

1. Di'cii" the o. ciiiiciHc o! multiple hiith' m the lowei animals. Cite .some 
in't.iiiic' ot unU'Uaiiv l.t’gc iiTtei' in the blonic'tic animals. 

2, Wh it !' 'T: c: i'-t.-tioi ? ( >; what v.ilue rhi' iii the of animal hushandry'’ 

3 A'c twinning and nriltipic hath' u: raiin animal' oi any economic value? 

4, I loc' .uiatoni'c b , .-aicnic ’a'.oi the I'le.i ot 'inglc-cgg ongm ot twins in sheep.' 

.'i tt'b it ' the iwiilciifc col 1 cl nitig !po"ih:c inheiitaiice oi the tendency towatd 
mn ri; a- tiiitii' in 'i'cep .u.d goat''' 

ti. Wh-u 1 ' fl.c ::c', V lit fi 1 ! nn.g in 'l.t-ep ,uid goat'? In cartle? In horses? 

7. W h.it ' [!■•■ iiiqni'ni" u.nttig .n huin.m oetiig'? Are tliere geographical 

III d 1 ai 1. 'ii;-', 1, ni 1 ' II tia nitc' oj twini.iug.’ Di'i-U". 

s. A! if if nr ii ri tiatc’n.i rwi-i''’ Flow do the’g oiigmate biologically? 

r - n r O' - , ,.tvgi -t;. .gtn i fw ill'? By liizygotic origin'' 

p. \\ ! 'r^r’a'ig- rii -I i-otri,* i m tet.ce oj ruale-male, fenude-female, and male- 

|ii lic'c'ibc 'oi.c ,i'-i '.'lati d w.itii eiiibiyomc ilcvelopment in con- 



l.i ."in' 1- f’ 1 - I r.' t twi;.' 1' lienetciei.t iini ii the divt'ion of the 

iicnn: ..gg -1 1 ■ ■.■•it.-- 'ft rnt-', how m it po"iiile t-ii the male 
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14. What is the evidence indicating greater coincidence of tuberculosi.s among 
identical rather than fraternal twins? 

15. What evidence is there coneeniing the concordance of tumor, s in identical and 
fraternal twins? 

Iti. Cite some of the evidence indicating the coincidence of ahiioinial mental states 
in identical and fraternal twins. 

17. What is the concordance of abilities in fraternal and identical twins? 

IS. What have been some of the approaches to the solution of the relative im- 
poitance ut heredity and enviroimieut m the development of twins? 

111. Wliat general conclusion if any can be drawn regarding the relative influence ui 
herediti' and environment from the stinly of twims? 

20. What may be said concerning the probability of high multiple births such as 
quintuplets, se.xtuplets, and septnplets in human beings? 

21. When it is sanl that the Dionne quintuplets are identical, what biologically 
significant fact is implied in that 'tateincut? 

22. Relative to (luintuplets, what i' the rrciiuency ol qiiadniplet'? How abundant 
are quadiuplets in the United .States? 

23. What are the possible methods of origin oi quadruiilets? 
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chapter 26 


Inheritance of Physical Traits 
in Human Beings 


^lany pliy.'^i(,'al traits of man are obvious whether considered as racial 
or iiidi\ idual characteristics. The races of men are distinguished by different 
.'^kiu color.^, black, brown, red, yellow, and white. Head shape and facia! 
feature.^, eye characters, hair color and form, and stature in some cases are 
also racially distinctive. \'ai-ial.)ility in many phy.sical features besides color 
is characteristic in human beings. Familie.s and individuals as well as races 
differ in hair form and c(dor. eye colors, facial features, and in many other 
normal phy'ical characters. Besides the normal traits man has many 
physical abnormalities that are heritable. Studies (tf inheritance attempt to 
account for the re.'emblancp': and dift'erenees among related human beings 
a.s they do in the lower organisms. 

Genetic Basis for Inheritance of Stature and Body Form 

Studie' of iii man indicate that it is probably inherited on a 

wultiph fiu-hir ba'i', with the genes for shortne's rlominant over those con- 
ditioning tallne". Thi^ means the children of exceptionally tall parents are 
likely to be taller than avera.ae If genes for tallness are recessive, tall per- 
soiir- may be honuj/.ygous for them. Because homozygous-recessive organism- 
breed true, the (iti’sprinc: of homozvgous tall parents therefore inherit the 
gene- tor tallne— and are likel.v to be phenotypically tall. Tht're is usuall.v 
more ^-aI■iati^n in the children of -hort parents than in matings of tall X tall, 
hecau-e the (ioininaiit gem-- for ~hi>rt -tature may cover up the rccessh-e-. 
which -iib-i'iiucntiy appear in phcuoty[)e,' when pairs of recc— i\-e gene- arc 
reccimbiiicd. ilaitoii's ob-ervatinn- of the tendency of children to be les- 
tall than their tail parent- or !c— .'h<irr than their short jiareiit^ led him to 
formulate the theory of reare-'.ioii. Reare— ion is the tendency of off.spnna 
to rcA'ci't or rearc— to the condition of the race Thi- tendency i,- now at- 
tributed Te the mitltijiie fai'tor determiiiarioii of many rliaraeter.-. iuchuliug 
-ize pp. 2.'i7 270 . 

Daveiipon aini .'■teuacida who -tiidicd racial cro--ina in .lamaica con- 
I'luiieii that ie:;ath' of tjody -cament- and appeinlaae.- arc iinlcjK'iidcnt 
aein'tic trait'. But ( 'a-tie who ba.- ni’, e-tigated -i/e inhcrittincc in lower 
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animals has stated, “The genetic- agencies affecting rabbits are general in 
their action, influencing in the same general direction all parts of the body.” 

Body form in man is dependent upon hereditary and environmental 
factors, including the physiological environment conditioned by hormones, 
which in turn may be genetically determined. At the present, these inter- 
relations are still largely speculative and ba.sed on research with lower 
animals. The secretions of the endocrine glands or hormones are known to 
show definite effects on body build in human beings. Xutritive conditions 
likewise effect recognized changes. Davenport, howec'er. has stated that two 
sets of genes may be involved in the genetic background for fleshiness, with 
the genes for fleshiness dominant. 

Studies of inheritance of some abnormalities in stature have shown the 
following relations; 


CO-N’DITIO.N 

Ge.nls 

Achondroplastic dwarfism 

Dominant, usually 

iShortened e.xtremities 

Rrces.sive, occasion.ally 

Fairly normal trunk 


Atelf-iotic- dwarti.sni 

The inteuictioii of tw(j complementary 

Entire body small 

dominant genes e.xplain.^ oceurrf-riee of 


dwarfs among fhikircn of normal 
parents, po.ssibility of single recessive 
geiie^ foi tiiitcm.sly combined 


Cretini.sm 

fieiietie .'ubnoiiiial functioning of the 

Physical stunting accompanied by defec- 

thyroid 

tive mentality 

Inheritance of Malformations 

Besides stature and general form 

of body in humati beings, minor 

physical abnormalities are abo inherited. Among tliem are the following; 

C'O.VDITIO.N 

LxHERIT VX'OF 

bplit hand or lobster claw 

Commoidy dominant in mhentarice. per- 

IMth variations in fusing aiul di.-^piopor- 

liaps a gene complex 

tionate (levelopmciit ot digits 

.-^lilit foot, lobster-claw foot 

Perhaps a 'ingie dominant gene plus 
modityiug genes 

■Tvndactvlv 

Dominant 

Fingers fused 

Brachydaetyly, br.achyphalangy 

DoiniiKinT (.'liaiaDiori-tii*'.. atTfcTril iruii- 

.Shortening of fingers and toes 

vidiial-' usually nDteroz} trcu-s 

Polydactyly 

PiDhaljh duitiinanr n* nc iniiucnfDj by 

Extra fingers and toes 

niodiu iiiii ptaKa})" Ida p»*iiD- 

\ ariable in expression 

fiaiH'D and poor (•xpri-'-ssiviT\ in ^onn* 
fainiln-: j)p. 1 nO, 2i)7 

( 'Imodactyly 

SliiiliT t'urvaturo douunant over ^itrai^ht 

Curved tingi-rs 

t\ ])<“ 

t 'lubfoot 

ll«'iiiD/\ 'raTf i>i 'inglH ])air 
or iiMit'" uitii lUDdirwriki UfUit”' on X 
chroniO'.ome. Fo'f-'ibl-- [irenaial intiu- 
eucos iiivobs'od 

Harelip ami cleft palate 

Two pail'* *•*' 'iDUt’-'r. one i-? '«ex- 

linked more Ar-vt re abnornialir\' . ether 
is aiiTu^omal 
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Inheritance of Head Shape and Facial Features 

Numerous studies of shape of skull indicate that iNIendelizing hereditary 
units are iiivol\-ed. with genes for broadening probably dominant and a 
number of genes cooperating in determining the shape. Nutritive conditions, 
however, also influence the development of head form. Again, in the study 
of race crossing in .Jamaica, Davenport and Steggerda found greater inter- 
pupillary distance in Negroes than in white persons. The variability of the 
“intermediate browns” would sugge.st that a number of genes are involved. 











I lo. 100. T.ai; Lniii.'’ fiii.K 'Ll FTi A.\D Adherexi' iHight). 
Till i Icii arte! I'ti' ' :n e lulieiited. 


( Uu' intere'tinr: approarh to a 'tudy of tarial expres-iou was an analysis 
of photograph' oi l.uio pei',.n' belongh,u n, 394 fttmilies ()n the basis of 
e\re ot -iini lUi it \ I ii-T w eeii 'iblina,' 1 iver the 'imiltinty between partnits and 
ehildien, the :iiithoi' ci ini'hided that faei;ii expre"iou i' heritable. Another 
'tuil\ ot laruil teatiiio' indirati-d that the I'haraetiT.' long lace, prominent 
no'C tiiid eai'. and i-.ett in the i-hin 'howed 'Caregation in harmony with 
stinpie iMeiide;i:ui iiitei’pretatiou' V ]j!i-t( ii'ial pedigree of 42 indi\'iduals in 
'even get.eration' I’.iu'tiaro.l thi' 'earecation Heritable variations of this 
nature 'hould iiiTt-re't o! tliodonti't', who ;ittcmpt to reconstruct jaw 


.'Iril’-rtire 

Size and 'hape of .-ai . a r- 
mineil tiv ;i miinii. r oi ar.M 
the f'ollditloii oT adlieiotr'e or 


naTi\-ely in-ignitirant eharacter. may be deter- 
■'.huo a 'itigte pan of genes may be in\‘olved in 
freenc" of the lobule of the ear. The adherent 
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ear lobe appears to be a pure recessive (Fig. 190). Possibly sex linkage is 
involved, too, in other ear characteristics, some of which appear more 
frequently in males than females. 

Inheritance of Skin Color in Man 

Among characteristics of human beings which have long attracted the 
attention of geneticists is the obvious one of skin color. Not only are the 
races of man differentiated by skin color, yellow, red. black, brown, and 
white, but individuals in these races likewise differ as to the depth of color- 
ing. Though the genetic basis for thi.-i character is not yet determined with 
certainty, there is rather general agreement that multiple genes must be 
involved. 



Fig. 191. Normal and White Indian Children. 

In stature and facial chaiacten.stics. the alhiiio.s re.-emble the other nienilieis of 
the tribe. The reduce<l tolerance to light is indicate<l by the s(iuiiitinu of the two 
albinos. (Courtesy, Harry A. Harlan, modified after R. O. IMaish, Science .Service, 
from J. Htredity.) 

ALBIXLSIM IX IMAX’. AUnni^in. which occurs in man as well as in 
many other animals, is characterized hy absence of color in hair, skin, and 
eyes. The eyes and sometimes the skin may appear pinkish, since blood 
vessels produce this tinting in the ab.seiice of obscuring pigments. The 
basis of inheritance of albinism in man is a.ssumed to resemble that known 
for lower animals and to depend on a recessive gene. Albini'm occurs in 
several races of man. In Panama where a tribe of Indians was found to hav(> 
an unusually freiiuent occurrence of albinos, the condition has bi'eii recorded 
since IbSl (Fig. 191). Among the Indians, the formation of black pigment 
seems to be inhibited, but the yellow-red pigments are only partially sup- 
pressed. because the albino Indian- have yellowish hair. There is some 
evidence that a series of multiple allelic aenes for albinism in human beings 
may function similarly to the series for coloration in raldut- and cats (pp. 

19.1-200'. 

IXHEPJTAXCE UF LIGHT AND DARK SKIX COLORS. Light 
skin color, although conditioned by supplementary genes, i.s presumed to be 
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Fig. 193 . Hair Form uf Four Races. Dutch. Maya. X.w.ajo, Negro, .Showing 
.Striking Differences in Sh.^pe .and Structure. Gre.atla’ ^I.agnified. 

Note correlation with straightness and curliness. tCourtesy. Morris .Steggerda, 
from J. Htreddij.) 


recessive to darker skin color. According to Davenport, Xegro skin color 
may be due to two additional pairs of genes affecting the production of the 
enzyme tyrosinase. Perhaps duplicate cumulative genes are involved in 
skin coloration. Gates. Avho has recently published analyses of iiumerou.s 
pedigrees from racial crosses, has proposed three pairs of genes Acith uneiiual 
but cumulatiA’C effects as basic to the possible ten recognizable color \aria- 
tions that he scored. The darkest skin color according to Ciates s scheme 
would be determined by the homozygotic-doniinant state of all three genes 
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and the skin color of fair white persons by the homozygotic recessive of all 
three. 

The Inheritance of Hair Characters in Man 

The genetic basis for varioii.s aspect.s of hair characteristics in man has 
not been determined with the preci.sion achieved for similar characteristics 



.MAVAJO NEGRO DUTCH MAYA 

Fig. 1!I4 . I. mi K' mf iUih fkmm I-ml'k Kai SHowrN'G ^IArRlJ^^0ITr' AppkaraN'CE 

mf niL Tyff' in Fig, !!«. 

The Durrh rii.i''f. Xcvnn ; nil Mavaa ^ataple^ Yere coarse. (Courtesy, Morris 

St-oirnerd'.i. fiMia ./. j i 

in I'cmie ui the ciwer ainmaU. Perhap~ aaaiu some of the mo.-t likely as- 
-umprion- may be tabulated a^ indication-, of the inheritance. 


( li \ii 11 1 1 ui-rii 


Hair I i.i.-c- 

Dark aair 

Rf.l , 

Friirc 

I ir.r. . 
Hair fur 


Ci'.'i i.air 


I A 


; I' 


IxilERITA.Ni E 

Ext.-n-iM- El iH-ri'' ilrtininant statf'' of 

ha^i'- icdif 'ifTwriiiiiit--. 

Mippl* nirMi‘'viry n»r producTion o! 

A'l'iitjuriai -« ippItTii' riTarv tTun'*- fur j)ro- 
'I'l 'lun It '‘•tiFiririlik' '-.ilt-trirfu 

-k.:: -uornrm and is 

- r.u .1 Id-* pr 2 

Po' rna* :rc t viriir mL- i ir* il p." a d' 'iinnarii 


A"' m: cT.-na f 


t- C'UlilliFNSs 
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Inheritance 
Genes (^r effect wavt' hair 
Second gene S is complementar}- and inter- 
acts with I' 
cc ss 

ccss 

Various combinations of the genes 
Most kinds are hereditarily determined 
patterns centered in families (Fig. 1951, 
inherited as an autosomal dominant, 
sex-liinited expression perhaps related to 
hormones 

BB = baldness in both sexes 
bh = normal full head of hair 
Bb = male.s bald, females not bald 



Fi(i. 19.3. Two Ga'L'' UK Pai'ilk.n Balpm;". 

Two views ol the -aine indi vnliiaK. The man at the nght ' iippi'r in second view) 
had heavy, eoarsp, lanly hair in his yoiitli. He began to lose it veiv gradually. His 
father had the same pattern of bahlnesi; his mother's family had thin hair hut no 
baldiies-. The other man has thin, straight hair; haldiie.-^- appeared at the age of 19. 
and lii- son de'.-cloped the same jiattern at the same age. Hi.s maternal grandmother 
Was bald. (.Courtesy, Dorothy O-boiii. irmn J. 


CH-AR-ACTEHI.sTIC 
Curly hair, oval in crn.ss section 
Woolly hair from curved follicle, flat- 
tened in cross section 
Straight hair 
Very clo.sely curled hair 
Intermediate conditions 
Baldiu h-SS 


Inheritance of Eye Characters 

Variation.s in appearance and vision ot the eyes are extremely numerous 
and have long heoii 'tiulied by geneticist.'. Probably mon* is known about 
the inheritance of eye idiaracter' than about any other organ of the human 
bofiy The sliape of the eyC' i' generally considered to be a racial character- 
istic. Obliiiue eyc' tvhii h are typical of the member.s of the Vlongoliaii race 
are cotmidt'red rece"it'e to 'traight cye.s. 

IXIIERIT.VXCE ( )F EYE COLOR. Eye color i.s usually fairly stable 
after infancy hut perhaps never ah.solutely stable Though blond hair and 
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blue eyes and brown hair and brown eyes are commonly associated, the 
genes determining eye color are thought to be independent of those for hair 
color. Color of the iris is dependent on a twofold pigmentation. The back of 
the iris has a double layer of deeply colored cells which exclude light from 
the interior of the eye. The front of the iris (anterior layers) may or may not 
be pigmented. When pigment is lacking altogether in the anterior layers, 
the eyes may be light or dark blue, depending on the color of the posterior 
layers. Conditioned by the pigmentation of the anterior layer, eyes are 
brown, light brown, green, or gray. 

\'ariations in eye color would therefore be dependent on at least two 
genes and possibly on a factor complex of two pairs of genes with some 
pattern factors. Brown eyes, then, may be assumed to be the expression of 
cumulative action of both dominant genes, blue eyes of the double recessive, 
and intermediate colors of the heteroz\'gous condition, with differential 
enzyme activity perhaps involved. Eye color is one of the characters in 
human beings probably entirely dependent on the inherited genotype. 

IXHERIT.VXC’E OF .VBXORMALITIE.'^^ OF VISIOX. An abnormal- 
ity of vision that has l>een studied genetically is color blindness. ^ arious 
type- of color blindne.'S are red, green, red-green, blue-yellow, and complete 
color blindue.s.-^. lu the latter the afflicted pensoii has difficulty clLstiiiguishing 
any color. Total color blindness is very rare. The lour kinds of partial color 
blindness are conditioned by recessive genes carried at distinct loci in the sex 
chn.imosomc'. The gene^ for red. green, and blue-yellow are located in the 
nonhonu'logoU' portion of the X chromosome iFig. 201 and pp. 499, 501). 
The.'e gene,' are X-linkcd and are transmitted from an afflicted man to his 
daughter, who i' generally normal, to a grandson who again shows the defect. 
Total color blindness is conditioned by a recessive gene at a locus in the 
homologous parts of the X tind Y chromosome. Total color blindness may 
he inherited tlirough both scxe-. Women may transmit it in the X chromo- 
some through the eggs. Men may transmit it in either tlie X or the Y chromo- 
some tlirougli the two type- of 'perms. Total color blindness is another ot 
the condition' probably a-sociated with inbreeding, as occurs in cousin 
maiTiaiiC'. 

(lEXE riC'S OF C(4L( )R BLIXDXESS. The red-green types of color 
blindnc" are more common than the other kinds. A.s in the inheritance of 
hemophilia ^ pp. 4'.i2 4U4.. the red-iireen types of color blindness are most 
freiiueiitly loiunl in meii anil boys. They are transmitted by women who 
may be genetic I'arrier' of the defects even though they seldom show them 
Fig. llH'i . Since the female ha- two X chromosomes, usually the dominant 
aene in one of them wil! prevent the expression of the recessive gene for color 
blindness carried in the other X chromosome. In male' there is one X 
chriiniO'Ome and one Y chr.imo'ome Since the Y chromosome is largely 
ineffecti'.'e or inert, the re -e'-ive gene for color blindnes' carried on the 
sinsle X l•hronlO'nn-le expre-'C' iT'elf iti the development of the defect 
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Women 

Normal Vision 


Mon 

C olor blind 


“I r 



Cb 

X 

c b 

J \ 

. 




9 0 m ft os of 
color blind molt 


9 0 m St 0 s of 

moli with normol vision 



C b c b 

Cb Y 

) 


C b Cb 

CbY 

female 

male 

-Cb 

— 

ft mole 

mots 

normal 

n ormol 

fern 

ol e 

normol 

n or m 0 1 



gomeres 



c b c b 

cb Y 



Cbc b 

cb Y 

female 

mole 

— c b 

— 

f e mole 

molt 

color blind 

col or blind 

: 


normol 

color blind 



Progeny of heterozygous temolo motod to: 
color blind mole mole with normal vision 


Fig. 196. Diagram of the Inheritance of Color Blindne>s in Human Being-^. 
Pi Normal female ChCb mated to a color-blmd male cbY. 

Fi Both males and females have norma! vPion, hut female is heterozyi^ous. 

Y -2 l)iaa,Tammati<‘ repre-^entatjon of luiion of iiamete-; of female hetei ozyjrou'^ for 
color hliridne^^ ; at left with tluxe of eolor-hliml male: at rii^ht with tiujse of normal 
rnfde. 


AetHally. there are several types or degrees ot red and green color blind- 
ness, each presumablv iletermined by its own gene, perhaps at a different 
locus in the X chromosome. Pos.sibly multiple alleles are involved in the 
different degrees of defect in each case. There are cases of red-blindness 
and others of green-blindness, the seii'-e for both cohtr'. however, being 
somewhat impaired in the two types ( olor bliiidne'S is more rarely found 






Fn,. 11^. FAfi-rf.HTLDXl.-'-. 

jiHidpia (>i i:ii 'mhtplilif'" i-- tluit m \vhi<'h tho rav^; of liuht pome to a 

to,-u> KhIuioI the :eTii,a of tlie eye. F.UMuhtedue^. 1 ^ illu-tiated above. The pnrreetion 
ol lai'ii; !t( 'hii " 1 ' ai ■ oiujih'heil hy wepiiiiu, a eonve.x leiii before tiie eye, Thi' ieii' 
brine- the : ay- o. Iml.t iiitu 4iar{i soeu- on the letina, a- illu-trate,i below. ■ Courte^v, 
Bau-pii I.onii, Opn.-al Company, fioin Th, Fe/'//,s XII :4, 1941.) 

in feniam.- than in nia.e-. but there are recorded ea-e- of feiiiale> pre.-unicd 
to have been hontozyeoii-. The pereentaoe of color blindne-s in women ha- 
been tinind ti^i oc pi.ioanpv not rai.ire rhan 1 per cent, while the percentage of 
culor-'t.iind white male- w irom b ro s per cent Studie- -how that the amount 
of color bnndne— in popiilanon- varie- with different race.-s. In general, 
the defect.- are in,, re frciuent in -white than in the colored rai-e-. 
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Fk;. lOS. XEAli-'ICHTEDNi:-". 

Myr ijn:i (ir neaisiyliteiliie", liliutratpil aliovp, that conditinn in which imafies 
ot objpcts aie i)niuyht To a focus in trout of the retina of the eye. The correction of 
iieai>inlite(lnps> i^ accompli'lied by wearinst a concave lene before the eye. Thi« len.e 
bring; the ray- of light into .-harp focus on the letina as illustrated below. (Cour- 
tesy. Bausch it Lonib OiJticril Comjraiiy. from The Educational Fucas'Kll'A, 1941.) 

OTHER CO.ALMOX ABNORMALITIES OF VISION. Genetic 
studies have also been made of shortsightedness or myopia, farsightednes.s 
or hyperopia, astigmati.sm. and cataract. For myopia, the be.st-grounded 
iiypothesis considers two recessive genes with pos.sibly some sex linkage as 
determiners. Two different anatomical features are involt’ed in myopia, 
one the increased length of the axis of the eyeball and the other the curvature 
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of the cornea. There is some evidence of dominance here. Perhaps various 
combinations of the genes in dominant and recessive states may determine 
the varying myopic phenotypes. In farsightedness the axis of the eyeball is 
too short for proper focusing of nearby objects; the shortened axis is prob- 
ably dominant over the longer axis of normal vision (Fig. 197 and 198). 

The genes involved in astigmatism, an error of refraction caused by 
unequal curving of the anterior surface of the cornea, are as yet unknown, 
but the condition is definitely hereditary and probably is dominant. Also 
with various types of cataract, the exact genetic background is unknown, 
but they are generally attributed to dominant inheritance. 


Inheritance of Ear Characters 


(Much of the well-established variability in hearing ability is known to 
be hereditary, though some of it follows as the aftermath of various diseases, 
such as scarlet fever and meningitis. 

HEREDITARY DEFECTS OF THE EAR. Of the many kinds of 
deafness, from one-fourth to one-third are hereditarily determined. 


C<j.NurnoN 

.\trophy of aiuUtory ncrvi- may begin at 
ai)Otit 40 years of age and progress more 
or les.s rapidly 
Otosclerosis 

change in bony \vall> of ear. oeeur- in 
twici' at- many women a- men 

Deafness following uiHamination of the 
nmldle ear 
Deal-mutism 


IXHERIT.^XCE 

Dominant 


.Attributed both to dominant and to reces- 
sive genes and to combinations of a 
dominant autosomal and a dominant 
sex-linked gene 

-Appears to run in families but may ensue 
as an outcome of a variety of infections 
Inheritei! but ditferenee of opinion as to 
luetliod exists 
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Inheritance of Physiological 
Conditions in Human Beings 


Inheritance of various physical and pliysiological almormalities has 
been generally noted when these ha\'e reappeared in successi\'e generations. 
From such observations a peculiar fatality has come to be associated with 
inheritance. Xormality. however, is tletermined by genes and thus by 
heredity, equally with abnormality. Defects which are found frequently in 
more than one child in r. family are dependent upon relatively few recessive 
genes. When they are seldom found in more than one child in a fantily, 
they may be dependent upon a comple.x grouping of genes. That is. the 
iretiuent occurrence of a trait in a family is an indication that its inheritance 
is relatively .simple, and iiifretiitent occurrence of a trait may indicate that 
its mode of inheritance is probably more complex. And again, it cannot be 
pointed out too often that the organism is the product of both hei’editary 
and environmental factors, as H<tgl(en 'tatc'. of "the interaction Ittuween a 
certain genetic eciuipment contained in the fertilized egg and a certain con- 
figuration of extrin.iic agencies.” 

An example taken from ])oultry may illustrate the meaning i_)f this 
statement. A certain kind of chicken when fed lUi yellow corn itr given green 
food rich in earotemoid pigments will ilevelop yellow shanks; others in the 
same group will develop white shank', and the ratio in the flock will be a 
typical .3:1 Wendelian ratio of three with yellow shank' to one with white. 
If the same kind of chicken is fed on white corn, which is deficient in caro- 
tenoids. they will all have white shanks. The genetic potentiality for yellow 
shanks must have a given environment for its expre"ion. Other kinds of 
genic potentialities will express themselves in any enOronment in which 
the organism can maintain life. In human heredity, it is not always known 
which kind of potentiality is involved. Eye colui' would seem to be a chaicic- 
teristic determined soltdy 'oy the hereilitarv i)ai-kground. The devehipmenr 
of certain physical aiuiormalitic'. 'Uch a' goitre, may dej-iend not onlv on a 
given genetic complex but also on conditions in the environrnent, in thi' 
case the amount of iodine in the clici 

iso 
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Inheritance of Resistance and Susceptibility to Disease 

Inheritance of resistance or of susceptibility to disease in human beings 
is a controversial subject for which there is insufScient evidence. Though 
it is a matter of common observation that some families appear to show pre- 
dispositions to some diseases, that some racial differences in immunity or 
susceptibility are apparent, it remains for the future to establish the genetic 
basis. Acquired immunities established by vaccination or inoculation are of 
course environmental conditions which cannot be inherited. Whatever 
may be inherited, it is not a disease but the genic potentiality that makes an 
individual or a race resistant or susceptible. 

Relation of Heredity to Various Physical and Physiological 
Abnormalities 

The list of all known hereditary physiological and physical abnormahties 
is far too long to consider here. Not only the abnormal but the normal 
condition will have an hereditary background. A predisposition to normal 
good health a-; well as a normal body is generally inherited. While modern 
scientiric treatments of disease and hygienic measures are decreasing the 
number tif ileaths trom infectious diseases, they increase the number of 
persons who .suiA'i\'e and later die of other hereditary diseases. At the same 
time knowledge of the nature of inheritance of these defects and diseases 
becomes increasingly important. 

Some conditions appearing rather regularly in certain families may be 
based on an hereditary predisposition but without exact determination of its 
nature. .V rachitic constitution expressed in lowered calcification of bones 
aiul teeth is in this i-ategtiry. Any marked deviations from normal function- 
ing ot the glands u! internal se(.-retion or an unbalance of the hormones may 
be expressed in various physical and sometimes mental disturbances. The 
thyroid gland is subject to variations in functioning. Among conditions 
resulting is goitre that prevails in some families and not in others. Studies 
of twins indii'ate a genetii- background, because pairs of identical twins 
hax'e shown much greater concordance of expression of goitre than pairs of 
fraternal twins. The iraternal twin members were found no more likely 
both to sliow goitre than any other pair of children from one family. It has 
been suggested that the genetic basis for goitre consists of two pairs ot 
genes, one perhaps in the X chromosome. Dominance in the male may be 
variable, with a possibility of influence of .se.x hormones in differential 
development of goitre in the twij se.xes. 

Allergies, exprc'-ed in unusnal sensitivity to certain foods, animals, 
pulleii, or other substani-e'. may -how theniseb.-e- in a variety of wavs An 
hereiluarv ha-!' is generttlly a — umed to be present, nut investigators are 
not agreed as to its nature, some postulating dominant genes, others reces- 
sive-. Possibly a pair of ba-ie genes, when present as homozygous recessive, 
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aa. determines sensitivity. Then nonallergic heterozygotes *la X da may 
produce allergic children. 

TUBERCULOSIS. Early investigations led to the belief that tubercu- 
losis “ran in families.” After Koch’s discovery of the tubercle bacillus as 
the causative agent, medical opinion veered to the side of environment and 
infection as the only cause of tuberculosis. More recently inth genetic studies 
of tuberculous families, the hereditary basis is again gaining ground: not 
the disease is inherited but “the soil necessary for its development.’' Many 
studies of family histories have been made, and twin studies, too, are im- 
portant in this connection. In general, susceptibility may be determined by 
recessive genes, while other genes may prevent their expression. 

■ • OPERATED 



Fig. 199. A F.c.mily Pedigree of Appendhiti^. 

An illustration of family ijedijirees as they arc charted to depict incidence of 
various conditions under inve.stigatiuii. rSciuares are ined a-^ symbol' for male' and 
circles for females, bolid black indicates affected individuals. In this pedigree, anioini 
the (duldren of II-l and II-.5, the incirlence of appendicitis has been lUtJ per cent. 
II-2 is the brother of II-6. Eleven progenies having the same ancestors had apjiendi- 
citis. The foul th generation is very young, and other cases may yet occur. i C uui tesy. 
bister M. Flavia. from J. Ihrf'littj.) 

OTHER COXDITIOXS. H'jpi rtotsion which manifests itself in abnor- 
mally high blood pres.'ure has been ascribed to a dominant hereditary deter- 
mination, though some ca.se.s fail to .'how an hereditary background. Diahi trs. 
a condition re.siiltiiig in lowered nutrition of the body and excretion of sugar 
in the urine, was originally thouglit to lie lia.'ed on a dominant gene or several 
genes with .similar effects expressed in varying degrees of severity of the 
disease, .Snyder, however, proposed a recessive gene for diabetes trom a study 
of (37.3 family histories. There may be several type.s of dialietes. Gates has 
suggested that a dominant gene may conditioti a mild form of the di.sease 
which may usually be ea.sily controlled, and the rece.ssive type may be more 
severe. Atf'ecting from 16 to 20 per cent of the population, appnidicitis is 
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another condition which appears to be genetically determined, but whether 
by a single gene or multiple genes is not known (Fig. 199). Tumors and 
cancers, too, have been the .subject of considerable genetic investigation. 
INIacklin. famous for her investigation of problems of cancer in mice, con- 
cluded that susceptibility to cancer in mice is based on a .simple recessive. 
iVIackliii stated that "if evolution means anything at all, it mean.s that if 
cancer is inherited in mice, it is inherited in other mammals, at least in 
those who show it.” It may prove futile to seek an identical genetic basis for 
all tumors, because cancer is not one clLsease but many. When family his- 
tories deal with specific kinds of cancer, statistics may reveal the hereditary 
basis. It may be dependent on recessive genes, since it freciuently appears in 
families that have no knowledge of pretdous cases. The increasing average 
population age may also be giving opportunities for the phenotypic appear- 
ance of cancer that may have failed to be manifested in earlier generations, 
though genotypically present. 

PUSSIBILITY OF LETHAL GEXES IX 2vIAX. Lethal genes in 
man have not been isolated as dehnitely as in .some of the lower animals 
(pp. ISS- 19,5'. Haur, Fincher, and Let \2 sugge>t. however, that the pre- 
ponderance of death- of male iniant.- over female infants must be accounted 
for by inherited lethal gene-. Perhaps e\’en the diiferentiul birth rate can be 
expluiiual on the ba-i.- of letlial gene.- inherited by the male zygote. 

Other ui\'('-Tigators r<.‘gard ^e\-eral fatal idiildhood and juvenile diseases 
a.s ba.scd upon herediiary lethal gene-. Be-ides definitely lethal ones there 
are .' 0 \'eral .-ubletlial or borderliiie ca-e<. Farly death, leaving no offspring, 
add.' ditticultie- to the genetic analysi- or many .su'pected lethal characters. 


Hemophilia 

Hemophilia, a condition in which the blo(jd fail- to clot normally after 
an in.l'iry. lui' been -nnlied genetically. Th(> i-ondition has been found in 
numerou- i-olateil communitie- in Europe where it has been possible to 
con-trui't pedigie,'- of tairly large number- ot per-on- through several 
generarion-. The occiirreiire oi heniopliilia in -ome European royal families 
ha- al.'O aided iii -iiidic- of it- inherit aiice. .Vu earh' obseination in regard to 
hemophilia va- it- roii-i-teiit re-rnct:on to male-. Becau.'C it appeared to 
be tran-iuitled through icniale.'. lieinojjhiiia came to be regarded as a sex- 
linked Trait jip 1 db lli'.t . 

Sex-linkeil rere— ivi- inheriTance or hemophilia is ba'cd on the hetero- 
gnmetic nanii'c oi the ma!f -e.\. t tr rlic oliploid (diromosomes in human 
being-, the member- of the pair of -ex chroino,,! ime.' are of uneiiual size m 
male-. In female- the , hromo-ome- are alike in -ize. Wale- therefore 

have only one large idiromo-ome railed the X idiromo-ome, which is associ- 
ated with a mueh -raallcr one railed the Y ehromo-ome, and female' have 
XX chromosome-, (tn the ba-i- of known inheritance, the gene for hemo- 
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Fig. 200. Diagkam of Lxhlhitaxce of Hejiophilia. 

Pi Normal female mateii to liemoiilulie male. 

Fi Both male and female are normal, but female i' lieteiozyaou<. 

Fj Diai;iammatic ie])i'e>entatio]i of union of aamete- oi lemale lietei oz\'aoU' 
for hernojihilia. at left with tho~e of hemophilic male; at iiuht with tho^e oi mumal 
male. 


philia is aj^sumed to be located on the X chromo?ome. maiiife.'^tiiio it> pres- 
ence in the male where no corre-ponding normal gene on tlie Y chroino.'ome 
exerts an influence (Fig, 200. 

■Snyder, who ha.s madi' ^’orv I'xrensit'i- -Tuilie~ ot’ thi.- condition, teeN rlmt 
data are as yet iimufficient to 'eitle the iiue'tion oi the exi>tence oi female' 
which art* homozyguU' for hemophilia. 'I’lit* :i"Umption uouid iiorniall> be 
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that if hemophilia in males is owing to a gene in the simplex condition on 
the X chromosome, it should appear also in females where the XX chromo- 
somes would be expected to carry it in the homozygous state, Brinkhous 
and Graham have recently reported the occurrence of hemophilic female 
dogs with the genotype h-)r, these dogs could be treated and reared to 
maturity. Physiologically their condition is similar to that in hemophilic 
human beings, because both lack a plasma factor in the blood. The evidence 
from tlogs indicates that the h-h genotype is not otherwi.se lethal. Hogben 
has offered three possible explanations for the failure to find well-authenti- 
cated cases of hemophilic females. Perhaps they have not been found because 
the disease is very rare, perhaps the gene is lethal in duplicate (homozygous 
recessive I, or perhaps it cannot manifest itself in the duplicate condition 
owing to the jthysioiogical environment of the female soma. 

Although true hemophilia is normally inherited as a recessi\'e sex- 
linked character as indicated above, several teatures deserve mention. Some 
in\-estigators. as, for example. Haldane, consider the possibility of difierent 
mutant genes, probably alUUs. Accordingly the mutant alleles condition 
different degrees of hemophilia, and affected persons show varying severities 
of the duease. Since the alleles, designated as H. h. and h' . occupy the same 
loci, they are inht'rited in the same cris.'cro-s sex-linked manner. The allele 
h may be regarded as conditioning a severe type and h' a milder form of 
bleeding. 

True hemophilia may be c(.>nfus(>d with other diseases which proiluce 
varioU' type' of "bleeder'." The difference in inheritance of the set'eral 
diseases has le<l to the diversity ot opinion about the exact manner of in- 
heritance. Faulty diagnosis of bleeders’ di.st'ases and sometimes a failure to 
rei'ognize true hemophilia have ailded to the confusion. 

Inheritance of the Human Blood Groups 

Because of their iniportance in the practice of meilicine, considerable 
study Ini' been d.'voted to the characteristic' of human blood. .Vmoiig the 
topic' cori'idered ha’i'e been blood groups and hemophilia Their phvsiology 
anil genetic determination, unknown until renuitlv. are still under im’C'tiga- 
tioii. .Vlthough traii'fii'ion experiments were attempted in France as early 
as the lith cenniry. the reason for their lre(|ueut failure was uiiknow ii. 4 he 
basis of incompatibility ol blood between some persons was not known until 
the isoagghitination reai-tion of blood wa- discovered by Landsteiner in 1900. 
Ba-ed on ihi' reaction, lijiir bloenl gr(_)ups were identified which w'ere later 
shown to be hereditarily conditioned. These are designated as (). .\. B. and 
-VH. Later, with Lmdiie. Land'teiner di-covered three blood typi*', i\I, X, 
and .MX. inde|teiident ot the \-B-( > gioiip', a- well U' a third 'V'tem deter- 
mined bv an agglutinogen P Moiv reeeiitlv distinguished i' a loiirth blood- 
groiip sysTiuii independent ot tin* M-X. and P groiip'. iiaini'K'. the 

variations nt Rli-Hr. Investigations indieate exi'tenee of a varietv of iilood 
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types iu other animals besides the human being. Stormont and Cumley 
report recognition of more than 80 different blood factors in cattle. By blood 
tests every animal in a herd except identical twins may be differentiated. 
With these te.sts it is possible to obtain information about the parentage and 
to identify breeding animals from which identification tags have been lost. 

The differentiation of blood types in human beings is primarily important 
in the held of medicine where transfusions must be used, but a knowledge of 
their characteristics and inheritance is significant also in law. studies of 
racial migrations, population genetics, and linkage in human genetics. For 
transfusions blood types of donor and recipient must be mutually com- 
patible. When incompatible types are mixed, the red corpuscles may clump 
or disintegrate. In the animal body such clumping and hemolysis are at- 
tended by shock and kidney damage and may terminate in death. 

Antigen is the term applied to any foreign substance which, when in- 
jected into an animal, stimulates the formation of a specific reacting sub- 
stance, An antibody is the .specific reactive substance produced by the body 
in response to the injection of an antigen. An agglutinogen is a special 
antigen. In the case of the OA-B and Kh blood types, the agglutinogen is 
present on the surface of the red blood cells. Agglutinins are antibodies 
found in immune blood >era which when added to the corresponding ag- 
glutinogen. in this case a su.'pension of the blood to he tested, cause the 
blood cells to adhere to one another or to agglutinate. Agghitinatioii, when 
it occurs in the animal body, may cau.se shock or e\'en death, because the 
clumped masses cannot pass through the capillaries. The degree of agglutina- 
tion depends upon the proportion of antibody or agglutinin to agglutinogen. 
Agglutinins may be characteristically pre.^ent in the case of some blood 
groups. In others the.v may de\elop in response to the introduction of 
agglutinogens by tran'fusions (.>r otherwise. 

Blood-group determination may be one of the tests for identical twins 
ipp. 4t)2-4()oi, and knowledge of its inheritance i^ being accepted in some 
state-^ as evidence in disputes involving doubtful parentage and inter- 
changed children. Wiener (Ih.dO) reported that the use of the A-B-( ). AI-X. 
and Rh-Hr rest< gives a dO per <-ent cham-e of excluding paternity of a man 
falsely accused and that more than !f0 per cent of cases of interchange of 
children can be soU ed with the combined u.se of the tests for the three most 
important blood-group .'y'tenis for the two .-'ets of parents and children. 
The combined determination of all blood groups for an individual is expected 
eventually to pro\'ide extreme preci.sion of identification. Recognition of 
identification by means of blood-group information and other characteristics 
of blood is accepted by some courts in criminal cases. In addition to the 
be.st-knovii medical application of information about blood grotips in 
transfusions, the treatment of the disease f-rnthrohlastosi.^ iftnlis which i.*. a 
cause of fetal and infant deaths is also based on information about blood 
types. 
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Knowledge about blood group? ha? been applied as a tool in anthro- 
pological studie? of racial relationships. According to one theory, the 0 
group wa.s the original type characteristic of primitive man. This type is 
very largely found in certain tribes of American Indians. Since group A 
predominates in central and western Europe and group B in Asia, it has 
been assumed that A and B aro.se by mutation in these localities. But the 
occurrence of all four types. A. O, B, and AB. in most regions of the earth is 
regarded as evidence of the mingling of the races of man which has been 
going on since prehistoric time Recently blood types of tribes of American 
Indians have been compared with those of Asiatic races in studies of racial 
migration. 

Eontintied studies of blood groups and types is expected to aid in ob- 
taining information about linkage groups iu human beings. Eventually as 
.'Uch data accumulate, they may lead to iierfection of human chromosome 
maps. 

Tah!, L 

o, .V. 15, \.Mi .Aft Blood Group? 

I'l.f Geiiotypei 

li 

A / i/a, l-U 

B /«i 

AB /'/'•■ 

IXIIF.IUT.VXCE OF TTTK O, A. B, .VXD AB BLOOD GROUPS. A 
?t‘rie' ot mulrii)le alk'le? ha? been ponilat(.‘d by Bernstein as the genetic 
(leterminaiit' of tlic o. .V, H, and .VB blood groups. These genes have been 
(le.-jignated in variuu? way?, but Straiid.'koc. to emphasize their allelic 
relationship, ha? [)ropo'e(l rlic .'ub?titutioti of .symbols .such as have been 
applied to allelic gciic? in orher orgaiii.'in?. accordiiigiy : the gene for 

i'oaggluiiiiogen .V: /''. the aciH.' f(,)r i?oagglutinogeu B; and i, the allele 
dcternuniiui the i'iia”glurim)gen f). I and /'■ are each dominant over i, 
bur neither is di.niuiiaiii ()\t>r tlic other. Thi? lack of dominance accounts for 
the ticiKitype ['I‘ c\i)rc-M'd in the AB blood group. In addition to the four 
bldiid ( ). A, B. and .VR, two major .'ubgruup? of A are called Aiand 

A;. .Vnothcr 'uburoup. A . i? \cry rare. IV.i a\'oid cumplexitv, these and their 
com! limit ioii' .ViH am LV_B liavc mjt been included in Tables L and LI. 

IXHFRITAXCi; (iF THF M-X BLDOD TYPES. The M-X blood 
type- ate dctcrmincil by the incompletely dominant genes M-ni. Phenotypes 
MVF -MX. and XX curre'pouiliug to genotypes MM, Mm, and mm have 
bccii idcnritied, 

IXIIERITAXt'E < KH-IIK BLbXJD TYPES. A significant addition 
tc> kno-viediic oi huinau inhenta’ice wa.? made by Land?TPiner and Wiener 
m ItGO '.vlieu rlmv aiinoiini ed the di'i-overy of agglutinogen Rh. Blood of 
the rhc'U? monkey, /,0., ~ /..</(,;/ v.a~ beina n?ed in the experimental 
wcirk which led to identincatiou and namnig of the Rh serie.? of blood types 
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and correspoiidiiig series of genes in man. The Rh-Hr types of human blood 
can be demonstrated by serological techniques in\'olving the use of Rh and 
Hr antisera derived from human beings. Anti-Rh or Rh antibody is used for 
distinguishing between the presence of the corresponding agglutinogen 
(.antigen) Rh-positive and its absence, Rh-uegative. 

Table LI 


O, A. B, .WD AB Blood Groups 


Pen ental L'onibiriations | 

Possibihtiea for Protienij 



PJn fioii/pi's 

Gmotijpes 

Gt ludupts 

Phniotjipea — 
Groupie 

-Hlood 

o X o 

n Xu 

li 

( ) 




<t X A 

u XT'!' 

11 Xl'i 

II. I H 

o 

A 



G X R 

,1 X /«/''• 

n X 

11. Z«/ 

o 


B 


O X AB 

n X /-'/« 

Z-h. Z", 


A 

B 


A X A 

i ‘ X T'l ‘ 

I 'Z-' X / '/ 

Z-H XZ'Z-i 

Z‘i Xl't 

II: PI: I-'P^ 

G 

A 



A X B 

I'T' X 

Z 'Z > X PI 

P'l X nn 

I-L' X z»i 

11. I I. I 'Pi ni 

O 

A 

B 

AB 

A X AB 

Z 'Z-‘ X Z 'Z* 

I 'I XI'P’ 

I 'l l P'l. Z-'Z" z*z 


A 

B 

AB 

B X B 

Z/i/.v X I’^U^ 

!f<P'- X ZG 

jjji X nn 

PI X PI 

I''!, P-P-, n 

0 


B 


R X .\B 

/ft/,. X z '!'■ 
z«; xZ'Z'- 

Pi. Pu. P-P-. PP 


A 

B 

AB 

AH X AH 

Z'‘Z^ X Z-G'- 

I'P. PP, I 'P' 


A 

B 

AB 


111 b'ai.ka in lust column, a-, lor e.xuniple. A, B, and .\B at top. would provide the 
blood iiiGup' \\iiitii cuuld nor be lioiu the luatHiii.- 


Since the di>co\-ery of thc'-e blood type-^. it ha.-' been derei'mined that a 
series of 8 or more allelic gene<'' is conceriied in the inheritance ot the Rh 
blooil types (.Table l.II). Three type> of Rh anti.-era. anti-Rh, anti-rh' and 
anti-rh", and two reciproctdlv related Hr anti'cra. anti-hr' and aiiti-hr". 
are u.'ed to identify the vaiious Rh-Hr phenotype.^ and genoType- Addi- 
tional antisera have been produced by .'Oine worker- .V.- new auticera 
be I'ome available, additional phenoryjie- may bt' identitied. Eight Rh 
phenotype.' can be di'tincui'heil with tlu' three ".standard ” Rh antisera. 

>rnf .vorkHi " t ipt •■'tHi :t r h*-’* Hrikt*' i for tar Kh 



498 


TWIXS AX’D HUIIAX' HEREDITY 


\yith the two additional Hr antisera to identify the homozygous and hetero- 
zygous genotypes, 18 Rh-Hr phenotypes corresponding to 36 possible 
genotypes could be distinguished. With anti-hr'. Rhi and rh' may each be 
divided into the presumably homozygous and heterozygous subtypes, and 
with anti-hr”, Rh; and rh” may be similarly divided. 

Table LI I 

Si-Mi'LiFiED Scheme to Show the Relationship or Alleles and 
Phenotype*^ in the Rh Blood Tyi’E^ 

(After Wiener: 


Pbt notijpc^ \ AiHjlntinoiiens) 
Cirnfs 1 nif I national S o/nemlature 


/ 

rli 

r' 

rh’ 

/ '' 

rh" 

/ • 

rh. tih'rh") 

ii 

Rh.. 

R‘ 

Rle 

R- 

Rlu 

I{= 

Rlu- iKluKh-: 


21 Coaunan Gen<it]jpei<'^ 


II 

I '/•' an*l I ' r 
' / "i " and r"r 

f' r" 

ICH" and iT'i 

I R'R\ R'/, R'l. R‘R\ :tiul I'R'^ 

' R^-R\ R-i". R-f. R^-R". and i'‘R^ 
R^R-, R'r" . and r' R- 


* Xnr in< Thi.- rar».‘ or the Rh variants 

Much of the .'tudy of blood type.-^ has been carried on in liospitals, where 
phy-'inlogL't^ cu.-romariiy rd'er to Rh-positive anti Rh-negative blood types. 
Wiener propo-ed a .'y^tem to harmonize physiological and genetic designa- 
tion'. U' indicated in Table Lll. The 8 allelic genes may be recombined to 
form 36 geiioTypO' which <’ondition ditferent phenotypes and express them- 
>elve' in the turiarioii' of fh<‘ Rh agglutinogens. As indicated above, ad- 
ditional retitiement' may allow for identification of a larger number ol 
type-: and. a- with the ( >. .V. R. AB .'erie.■^, in the Rh ;'eries some intermediate 
form.' called Rh variant' have al'o beim tliscovered. 

In human beinti' the Rli agglutinin is formed as a result of isosensitiza- 
tion by red blood cell' from blood trau'fu.'iim or as a result of certain 
pi etcuani'ic'. Aiiti-Rh .'cra are producetl by immunizing animals, by iudi- 
t'idual' reccit'iinz traii'tu.'ion ot Rh incompatible blood, and also by Rh- 
ncaatit e women who have been immunized by blood cells from an Rh-posi- 
ti\'i‘ fern- diinna pireanancy. The aaalutinoutm- of the Rh types of blood 
Would react with the agglutinins or anti-Rh bodies of the rh type and thus 
cause the clumping oi the red blood cell' when thc'C two blood types come 
toaei her. 

i'he di'fri! lilt ion oi eenes tor the Rh blood types varies in the races of 
human bcuiC' Te~t' indn-ate that x.j-s7 per eent of white persons in New 
'I'oi'k t'iry ha' one of the dominant Rh blood types or. expressed in reverse. 
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that the Rh-negative types are found in 12-15 per cent of the white individ- 
uals. The Rh-negati\'e types, however, are very rare in ^Mongolians and 
occur in but 5—8 per cent of the Xegro race. 

The rh character of human blood is important in erythroblastosis fetalis 
(p. 495) which is attributed to differences in the antigenic composition of 
the erythrocytes (red blood cells) of the two parents. If the mother i.' 
Rh-negative and the father has one of the types with the Rh blood factor, the 
mother’s blood may react with the fetal blood which, because of dominance, 
is characterized by the effects of the R gene in some form. The maternal 
anti-Rh agglutinins may then affect the .susceptible fetal blood, and still- 
birth or severe anaemia may result. The importance of blood reaction in 
connection with obstetrics is the ba.sis for much of the investigation of Rh 
blood type.' now undertaken in clinical laboratories, because crythroblnsiosix 
fetalis may show a mortality of 50 per cent. The pre.sence of the rr genes in 
12-15 per cent of the white population accounts for the more frecpient 
occurrence of the disease than among Chine.^e and .Japanese where the rr 
genes are more rare. 

Conclusion, In conclusion it should be emphasized that all the work on 
differential blood types and their inheritance is fairly new and therefore in a 
state of rapid change. Points now regarded as established may later prove 
to he unfounded. 

Linkage in Human Beings 

Although knowledge of linkage in man has been of slower development 
than ill plants and lower animals, si.r-linl.eil characters in man have long 
been recognized. In 1779 (Michael Tort in Englaml noted the peculiar 
inheritance of color blindne.ss in man and reported his oli.-^ervations to the 
Royal Society of London. Forty years later C. T. Xas.se in Cermany con- 
nected the disease hemophilia with sex-linked inheritance in man. Sex- 
linked characters are determined by gene' in the sex chromosomes, both the 
X and the Y. It is important to emphasize the thne types of sex-linkefl yems 
ill human beings (pp. 500-501). There are (1) gene- carried in the noii- 
honiulogoits part of the X chromosome which are completely X-iinked and 
have no corresponding allele in the Y chromosome. There are i2) completely 
Y-linked genes carried in the noiihomologons part of the Y chromosome which 
have no corresponding alleles in the X chromosome. Then (3i there are genC' 
in the homuloyons parts of both the X and Y chromosomes. Because these 
regions of X and Y are homohigous. each gene has a corresponding allele 
in the opposite chromosome exactly as is found in normal autosomes. ( Icin's 
in the homologous parts of the X and Y chromosomes are never completely 
linkc'd to one chromosome hut normally 'how cros-ing over from the X to 
the Y and cfci rt rsa exactly as in autosomally linked genes. 

* ienetical work by Haldane based on the cytological invC'tigations of 
Koller and Darlington has shown relationship of various sex-linked gene.s 
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to the parts of the X and Y chromosomes in human beings (Fig. 201). Ad- 
ditional work by Snyder and Palmer and more recently by Kalis.s and 
Schweitzer has extended knowledge of se.x-linked genes in man. Evidence 
now clearly indicates that among others the alleles determining red color 
blindness, green color blindness, and hemophilia are definitely located in 
the nonhomologous part of the X chromosome. These genes and their 
conditioned sex-linked traits, since they are completeh' X-linked, follow 
the course of the X chromosomes through the generations. Thus the red- 
green types of color bliudne.ss and hemophilia e.xhibit the characteristic 
crisscross inheritance of ordinary sex linkage (pp. 159 IbO). 

Among the few completely Y-linked characters, the skin abnormality 
known as Ichthyosis hystrix gravior is probably best established as a holan- 
dric, completely male, trait. Since such holandric characters, or more cor- 
rectly their conditioning genes, follow the cour.se of the Y chromosome, they 
are inherited through the male line only, that is, the affliction passes from 
father to ,son. The inheritance of this character was traced through six 
generations of males. Snyder lists three other traits showing evidence of 
complete Y-linkage. These are one type of webbed toes: Kvratomadissipatinn. 
another skin abnormality: and hypertrichosis of tin' ears of mature males. 

Evidence indicates that probably eight hereditary defects in human 
beings are now recognized as traits conditioned by genes located in the 
homologous parts of the X and Y chromosome> (Fig. 201). .Vmong these aix' 
total color blindness in which no color i.^ distinguished : a form of night 
blindness known as (Oguchi’s disease: two skin abnormalirie,--, Xcrodr nna 
pigmentosum and a recessit'e Epidermolysis hnUosa: an eye defect. Retinitis 
pigmentosa, in which pigments are deposited in the retina of the eye. In 
1943 Snyder and Palmer described a convulsive disordf'r and Kaliss and 
Schweitzer, a case of hereditary hunorrhagir diathcsi.^ characterized by 
spontaneous bleeding from the no.se. uterus, and mucou," membranes, both 
of which were regarded a> conditioned by genes Icx-ated in the homologous 
parts of the X anti Y chromo.-?ome'. d'he genetical importance of this group 
of genes lies in their incomplete linkage to either the X or the Y chromosome. 
They show crossing over from the X to the Y and vice nrsa in the same 
manner as atitosomally linked genes. 

Besides the three tvpes of sex linkage meuti<.uietl above, a fourth kind 
of inheritance has been postulated for human lieing' in which the trans- 
mission is from mother to tlaughter. not to her soii'. Tliis type, called 
hologynic or wholly fernaU inlnrilauce. lui' been indicattnl in a few human 
pedigrees. The explanation is ba.sed upon some i-asc' found in Drosophila 
in which the tw(j X chromosomes were joineil and failed to 'eparat(' at 
meiosis. In such cases the two X chrumo-omc' b(_)th passed into an egg a' 
XX. Since these two se.x chromo'ome-- determine lemaleiics'. XX eggs, 
whether fertilized by X or by Y sperms, develop into female' with hologyidc 
inheritance. 
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A POSSIBLE CASE OF AUTOSOMAL LINKAGE IN HUMAN 
BEINGS. Burks studied families showing hereditary deficiency in the 
number of teeth which was apparently associated with hair color in human 
beings. In this investigation 212 pairs of sibs were compared for .similarity 
in tooth deficiency and hair color. From the stati.stical treatment of the data, 
Burks concluded that there was linkage of the.se two characteristics with 
about 10 per cent crossing over between the.se autosomally linked genes This 
is the first instance of autosomal linkage so far disco\'ered in man. although 
other studies suggest the possibility of autosomal linkage relations between 
myopia and eye colors. Haldane has con.sidered Burks’s data and conclu- 
sions and sugge.sts with extreme scientific caution that although the case for 
autosomal linkage is strong, possibly more evidence is needed betore the 
fact can be established. Investigation of other traits may be expected to 
indicate other instances of autosomal linkage in man. 

LINKAGE OF HEMOPHILIA AND COLOR BLINDNESS WITH 
CROSSING OVER OF THE DETERMINERS IN THE X CHROMO- 
SOME. Red-gretm color bliiidiie.'S and hemophilia are conditioned by 
X-linked geiK's and are therefore well-known examples of ordinary sex- 
linked characters. Each of tlie.se traits with its contrasting normal state is 
pre'Umably determined by a single pair of genes, although there is a pos- 
,-ibility that multiple ttllele.- may be involved in each case. 

.V history of a German family showing both hemophilia and green color 
blindiu'ss in some members has been presented by Rath as the first clear-cut 
e\'idence of crossing over in the chromosomes of human beings. A pheno- 
typically normal mother had four sons. The oldest wa.s hemophilic and color 
blind, the second wa- aUo hemophilic but had normal color vision, the third 
had normal blood and was color blind, while the fourth had normal blood 
and normal ciilor vision. The mother is regarded as an undoubted carrier for 
both green color bliiulne-.- and hemophilia. If both genes were in one of the 
X chromo'umes. the male offspring either would be green-color-blind bleed- 
ers or have normal color vision and normal blood. The occurrence of both a 
!iormal-vi-ioiied bleeder and a green-color-blind son with normal blood re- 
quired the a-'iimption of crossing itc er ( )n the other hand, if the gene- had 
been distributed to the two X <’hroniosomes. one in each, the s(^as either 
would be normal-r'i'ioned bleeders or have healthv blood and be green- 
color-blind. I he meeting oi the two abnormal characters a' well a- oi the 
two normal eharai-ter' i-ould again be explained otdy by the a-^umptioii ot 
crossing o\>'r. It i- fuialamentally immaterial which of the po'sibilitn‘s i- 
assumed, 'inee either leijuires crossing ocer as an explanation .\ connrma- 
tion oi the meeting of the two abnormal characters, hemophilia and color 
blindness, and the two normal charai-ters, healthy blood and normal color 
vision, in a .fapaiiese lamily was reported by Murakami. An/, in lU.il. who 
assume that cfos-ijig over in the germ eeH of the woman of the tii’st genera- 
tion brought sH\-'i;;ked genes mtij the same chromosome. 
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Riddell from a six-generation pedigree of a hemophilic X color- vision- 
defective family reported the case of a woman who was heterozygous for 
both hemophilia and color blindness. These traits were derived from different 
parents. An only son of this woman did not show crossing over of these 
traits. In considering linkage relations and crossing over in the sex chromo- 
somes, the synaptic situation should be kept in mind. Completely X-!inked 
genes in the nonhomologoiis part of an X chromosome do not cross over with 
the holandric genes which are completely Y-linked and located in the non- 
homologous part of the Y chromosome. X-linked genes may, however, cross 
over with other X-linked genes, .since a female has two complete X chromo- 
somes including the nonhomologoiis parts. Thus the genes for color blindness 
and hemophilia may cross over in the female, because they are located in 
the nonhomologoiis parts of the X chromosome. 

White believes that Rath’s case of crossing over of the genes for hemo- 
philia and green blindness, while it constitutes definite e\'idence, is insuf- 
ficient for an estimation of the frequency of cro.ssiug over between the ginucs 
tor these two defects, Haldane, however, has published an estimate of the 
amount of crossing over iietween the loci of reil-green color blindnes.' and 
hemophilia. From data in seven distinct studies of these two X-linked genes, 
including the work of Rath and Riddell, Haldane estimated crossing over 
between these genes at between 5 and 15 per cent with 10 per cent as a close 
appro.ximation. Haldane, with the help of other statisticians, devised 
mathematical techniques for use in the study of linkage relations in human 
beings where genetic experimentation is impossible. 

The fundamental analyses were made of data from lower animals, 
including numerous species of insects and particularly the Drosophila. 
Information so obtained gave a basis for knowledge about the frequency of 
occurrence of mutations and the preser\'ation in a population of mutant 
genes under various known and assumed types of mating. Knowledge about 
changes in genes and their continued existence has come to he called the 
science of gene dynamics, (lene dynamics is now also being applied in human 
genetics to explain the occurrence of gene mutation in man. 

Another study by White concerned congenital stationary nightblindness 
with myopia and color blindne.-'s in several members of a iiedigree which 
extends over seven generations. Of 183 direct members of thi^ family, 87 
were males and i)ti. females. Of the females 13 produced affected son- or 
grandsons and are thereby known to have been transmitters. ( )f the male< 
20 showed ocular defects, 5 being night-blind, myopic, and grciMi-coloi- 
blind: 7 night-blind and myopic; (i color-blind; and 2 night-bliml and 
myopic with condition of color vision unknown. .Vltogether 7(i per cent of 
the males for whom ilata were available had rlefeets. Thi- execs- of 21) per 
cent over the expected 50 per cent may he due to lack of i-omplete data and a 
high degree itf crossing over. Empirical calculation- indicate a )'i'o— ox'er 
ratio within the limit.- of from 30.1 to 47.4 per cent, with a mean of 43 25 
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per cent +4.15 per cent. The gene determining green color blindne.s.s i.=! 
a.ssumed to be 43.25 plus or minus 4.15 units distant from the gene ( or genes ; 
determining the occurrence of night blindness with myopia. 

From these facts, White in agreement with Haldane concludes that the 
human X-chromosome map will be a long one. White located the genes for 
green color blindness and night blindness with myopia on the nonpairing 
segment of the X chromosome. Xight blindness and myopia are either 
governed by the same gene or by two genes in positions so close together 
that the crossover ratio between them is very small. Recently the gene 
determining night blindness has been located in the homologous part of 
the X chromosome. This fact, indicating incomplete X-linkage, might tend 
to complicate the results in studies involving linkage with the gene for color 
blindness. Xaturally it may be at considerable distance from the locus of 
red-green color blindness in the nonhomologous part of the X chromosome. 

Such investigations of .sex linkage prot'ide the basis for the preparation 
of a map of the sex chromosomi's in human beings. On this map the relative 
positions of a number of genc' may be indicated although the e.xact po.sition 
of the loci has not bt'en determined. Future work may yield data to complete 
an accurate map of the .<ex chromosomes. 

The numerous blood types studied in connection with other traits may 
suggest linkag(‘ relation.ships. One of these undertaken by Snyder and co- 
workers u.'ed the blood groui)s. O. A. .VB. and B: the blood types, IM. X, and 
MX": and the prestatce or absence of taste for the chemical pheiiyl-thio- 
carbamide. The data indicated that there is no linkage between the gene.s 
involved in tiie determination ot tlie'C traits. The large number of chromo- 
somes in man. lb. make.' the >tudy of auto.somal linkage difficult. Gates 
recently publi'hed a list of all known linkages and .su.spected linkages in 
human being'. His li-t inclmh's 

45 X-linked characters 
7 Y-linkeil charai-tcf' 

4S comliinations oi po-i^ible auto'omal linkage and 
7 cases of hologynic inheritance. 
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Inheritance of Mental Traits 
in Human Beings 


Unwillingness to believe that human characteristics are heritable is often 
particularly insistent where mental traits are concerned. The geneticist, 
however, believes that hereditary geiie.s determine the potentialities of all 
biological characteristics. Their expre.ssioii is modified by the interaction of 
the genes among themselves and with various aspects of the en\'ironment in 
which the organism finds itself. 

All the tests which have been used in a large number of cases re\'eal that 
human beings differ in intelligence just as they do in many more simply 
measurable characteristics. They have been found to be distributed in 
accordance with a normal frequency curve. \Mien a large group of men is 
measured for height, these measurements can be arrangetl on a graph. If 
the group is a fair random sample, the mea.surements will be found to form a 
normal frecjiiencv curve dig. 13G>. iMeasuremeiits of intelligence when 
arranged on a graph will form a similar curve indicating that very high 
intelligence and verv low intelligence are about etpially rare, with average 
intelligence most fre({uent. 

According to Terman who made very e.Kfensive studies of intelligence in 
children. GO per cent of the population will fall within 10 points on either 
side of the average and have an I. Q. between 90 and 110. Fourteen per cent 
will be found between 80 and 90 on one side and between 110 and 120 on the 
other, and about per cent in the ne.xT range of 10 points, to lO below and 
130 above. Fiiiallv 1 per cent will be found with an I. Q. lower than iO and 
another 1 pm- cent higher than 130. Those below 70 are rated as feeble- 
minded, and the exc('pti(iiuil 1 per <-ent with an I. Q. higher than 130 is 
i-onsidered as geniuses or iHatr-geniiisPs. Adverse critics of these and othei 
intellio(>iic(. tests f('el that they ilo not measure intelligence but only the 
things Itctriied m tht- (’iit-u-oiiment of the individual Oefendeis of the tests 
maintain tliat they hnd and niea'Ure the potentiality tor learning fiom the 
cnvii'iiiinient .Vll these measure' havi* been Used in genetic studies planned 
to determine the heritabihty of iutelligenee. 
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Inheritance of Intelligence 

As M-ith physical traits, where studies of tivins and studies of inheritance 
of abnormalities have illuminated the inheritance of normal traits, so also 
with intelligence. IMuch of the re.search having to do with mental traits 
has been concerned with abnormal or unusual characteristics, and much of 
it is based on comparative studies of identical and fraternal twins. Mo.st of 
the studies ot the inheritance of intelligence have been of groups rather 
than ot individuals. That is, groups of children have been compared, such 
as children in orphanages t’.s. children living with their parents, orphan 
children of laborers r.s, orphan children of professional parents, sons of 
university graduates of proved success r.v. .sons of university graduates of 
less success, etc. Many of the .studie.s are open to a variety of interpretations. 
Some of them will he consitlered at this point. 

C'ORREL.VTIOX OF IXTELLIOEXCE AiMOXO RELATIVES. 
Schuster and Eldertoii published a correlation of academic reports of Oxford 
University undergraduates between fathers and sons which lags only a little 
behind the correlation ot physical characters. This may mean that the 
tather-; and sons ha\'e a highly correlated mental endowment. Critics point 
out that the important tactor would be the environment provided by the 
lather.'. .'Uch as >choiarly attitudes resulting in academic application or 
indifferent attitudes resulting in very indifferent application by the sons. 
Tho'C who b(‘lie\'p iidieritancp important in the cause of .such correlation say 
that the lathers and sons iidierited a similar innate mental make-up, which 
exprc'-C' it'idi in them anil in the en\'ironment which fathers provide for 
their 'ons 

111 determine by intelligence tests the effect of uniformity of environ- 
ment, Pear'oii 'tudied children in orphanages in California. Between 
.'ibluiH'. that i'. brother.' and sisters, he touud a correlation of 0.50S in 
intelligence which i' 'tatistically 'igiiihcaiit A similar studv of children 
uudei the lume \ aried condition' ot school lite was made in (Ireat Britain, 
and the correlation in intelligence between 'iblings was found to be very 
similai. .iz , I) .lb), from thi' 'tudy it was concluded that environment has 
little eftect in moditying the intellectual 'imilarity of brothers and sisters. 
M i ngtield a I'o 1 oiind that the h iiig-continueil ei |ual eiudroiimeut of an orphan- 
age did nor reduce the difference' in intelligence of the unrelated children. 

t )ni' ot rhe 'tiiking 'tudie' of the kiti'hip' of celebrated men was Calton's 
.'t.iti'tn .li .i!ial\'i' III the iel;iti\e' of 41-5 unusually noted men. They were 
tiiuiid to belong to 40(1 families which had produced about 1,000 men of 
exccpiioiiai di't inct ii in. (laltoii' 'tandard ot exceptional talent was so 

U'ldon-d It appearing once in every 4,001) per'ons. nr at 

iln- i'a!i' o! J.iii por million. In the 'elecred kiii'liips he found that among 100 
cel.'braicd men .II had nored tathiT'. 41 noted brother.', 4s noted sons, 17 
noted grandtarliHr'. and 14 noted grandsons. If talent were not hereditary. 
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only 0.025 celebrities should be found among the fathers of 100 celebrated 
men. Actually, as indicated above, he found 31. The expectation for noted 
grandfathers if talent were not hereditary would be 0.05, but there were 
actually 17. The figures incidentally also shoiv that a man has a .Mualler 
proportion of his total inheritance in common with either of his grandfathers 
than with his father. F. A. Woods made a similar study of the kindred of 
3.500 noted Americans. He estimated that the probability that any Ameri- 
can citizen taken at random would be related to one of these celebrated men 
was 1 in 500. He found that the probability that one of his 3.500 noted 
Americans would be related to another was I in 5. or a hundred times the 
calculated probability for the general population. 

One of Woods’s original studies was concerned with the occurrence of 
mental abilities and moral superiority among members of royal families. 
He studied more than 800 individuals from the 12th to the 19th l•enturies 
for whom attainments and \'irtues were known. They were classified and 
arranged in a series of grades from 1 to 10 on the basis of their abilities, 
class 10 being reserved for individuals shoiving the highest attainments. 
Such noteworthy characters as Frederick the (Ireat, Queen Isabella of 
Spain, William the Silent, and Clustavus Adolphus were in the highe-'t class. 
In a great chart groups of other cla.ss 9 and class 10 characters would be 
found clustered about these outstanding indivitluals Woods concluded that 
there is a distinct correlation in royalty between mental and moral (jualities 
and that they are hereditary. 

Idle author stated that the majority of eminent men come and always 
hat-e come from families well above the average. In (Ireat Britain the ratio 
of notabl(> men from the "lower classes” has actually tleclined. P’rom the 
JMrtiunari/ uf Xational Biograph// he fotiiid that, previous to the 19th 
century. 11.7 per cent of the mo.st eminent men listed was born of skilled or 
unskilled laborers. By the early 19th century this percentage declined to 
7.2 per cent, and the second supplement, dealing with a more rei-ent period, 
shows a further decline to 1.2 per cent. Perhap.s the.se figures may be inter- 
pieted as indicating that the better talents which were once latiait have been 
remo\ed from the class of untrained laborers by the better educational 
opp(H-tuiiities afforded during the past century. If this is correct, socially 
important contributions are less and le.ss likely to come from the so-called 
uiidt'rps-ic'ileged classes. These and other similar studies all indicate that 
iimisual ability tends to run in families, but they do not prove that ability is 
inherited. ( )n the other hand, there must be some explanation for the unusual 
preponderance of exceptional ability in the kinships of noted persons, ft i' 
hal'd To b(‘lit>\-e that a mere chance of better envirotiment, independeiiTlv of 
the superior ability to furnish a superior environment, i-ould be the explaiia- 
tioti .V superior environment tdoiie cannot make a noted or highly celebrated 
Iter'un out uf an individual lacking in superior eapacirie'. .V superior eiiviron- 
meut can only assist in the e.xpression of the potentialities an individual has. 
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USE OF TWINS IN THE STUDY OF THE HERITABILITY OF 
INTELLIGENCE. A number of comparative studies of identical (or 
monozygotic) and fraternal (or dizygotic) twins have been made to deter- 
mine the hereditary basis of intelligence. One of these in 1933 established 
that the difference in I. Q. of monozygotic or one-egg twins was only half as 
great as the difference in pairs of dizygotic or two-egg twins. Since mono- 
zygotic twins by their nature have identical hereditary constitutions (pp. 
403 40.')), this hnding .shows the influence of heredity in intelligence. Ex- 
aminations of twins in European concentration camps, reported by Gott- 
schaldt, included tests of word-logic and abstract thinking. On the basis of 
comparisons of pairs of the two kinds of twins, the hereditary factor is con- 
sidered to be from two to fli'e times more potent than environment. Tests of 
practical intelligence and motor tests also showed that the dizygotic twins 
reached their maximum performance discordantly, while the monozygotic 
twins were concordant. In other words, the be.st performances of members of 
dizygotic twin pairs were at unef|ual levels, while those of members of mono- 
zygotic twin pairs were at more nearly the same levels. Such results are 
interpreted a^ lending aflditional support to the hereditary determination of 
the abilitie': so measured, or the so-called functional side of learning. Studies 
ha\'e also been made of brains of twins on the a.ssumption that brain struc- 
ture is related to intelligence. .\ recent comparison of brains of monozygotic 
and dizygotic twin infanr> appears to establish the heritability of cerebral 
pattern.'. The complexity and frequency of the convolutions of the brains of 
the monozygotic twin.' were much more similar than those of the dizygotic. 

GKNE'riU B.\.''1S (.)F INTELIJGENGE. .4uThors who have given 
thought to the hereditary backgrouml of intelligtaice have po.stulated multi- 
ple iicnc' a.' the determinant' (pp. 2()0- 2t).5). Harrison Hunt proposed a 
serie- of po"ibly five genc', 'Uggic-ting that the dominant homozygous 
condition of two (.if them might be thought of as effecting average intelli- 
gence iTaiile LI 111. The luimber of genotypes possible in the range of 
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average mentality is evident and might be used to account for the wide 
difference in al)ility in the normal population. 

Thorndike suggested a similar theory on the assumption of variation in 
the quantitative effects of a number of genes. At present it may be said that 
the expression of intelligence may be subject to environmental influences. 
Its potentialities, however, are not modifiable, and it is probably dependent 
on a combination of hereditary factors. 

Inheritance of Special Abilities 

In addition to studies of general intelligence, a number of investigations 
have been concerned with special talents. Terman has said that intellect 
by its very nature is highly general and that achievement in any of numerous 
fields is possible to one who is intellectually superior, provided the necessary 
interests and drives are present. 

Without determinations of specific genetic bases, there are numerous 
examples of the appearance of some special talents in certain families. 
Titian, the eminent painter, came from a family including nine other 
painters. Mathematical ability appears in some families. The Bernoullis 
were a family, originally from .\ntwerp, which numbered eight outstanding 
mathematicians iti three generations. Training is thought to modify mathe- 
matical ability only slightly. One recent study ascribed 07 per cent of this 
ability in adults to original nature. Among special talents perhaps musical 
ability has received most attention from student.s of heredity. Population 
studies of the singing voice among children from .lutland to Sicily showed a 
coiLsistent decrease in occurrence of the ba.s.s-soprano combinations from 
north to south. Tenor-alto voices were far more numerous in Italy than in 
northern Europe. In the study of racial cros.sing in .Jamaica, application of 
the Seashore tests for '29 mea.surable factors in mmical ability found A'egroe.> 
to have a definite inherited background for musical ability. Exceptional musi- 
cal endowment e.xpressing it.seit creatix'ely as well a'^ in performance has been 
traced in 28 musical families through three or more generations. The Bach 
family showed this special talent in an unbroken line through five genera- 
tions. Probably numerous genes must be combined to effect the develop- 
ment and expression of any of the special talents, a group of multiple genes 
furnishing the basis of general intelligence and additional genes producing 
special talents. Everyone has either the dominant or recessive gene of each 
of these pairs of alleles. 

Inheritance of Abnormal Mentality 

The foregoing aspects ui the inhentance of elements involved in intel- 
ligence have to do with nornitil and desirable traits. I nforttinately, abnor- 
mal mental conditions likewise have an hereditary background. In fact, a 
grt^at deal of genetic stiuB' ha.s been devoted to feeble-mindedness and 
insanity. IMuch information concerning inheritance in general has come 



olO 


TWINS AND HUMAN HEREDITY 


from such studies together with some more or less definite conclusions about 
the abnormal states. 

GRADES OF ABNORMAL MENTALITY. Low-grade mentalities 
can be arranged in a series downward from degrees of feeble-mindedness 
through imbecility and idiocy. Though there are various causes of idiocy, 
probably including prenatal maternal disturbances of a nutritional nature, 
injuries at birth, and glandular abnormalities, some forms of idiocy are 
definitely hereditary. One of these, called amaurotic idiocy, is known to be 
conditioned by a recessive factor. It appears in offspring of consanguineous 
marriages of persons whose ancestors have had affected relatives. iNIon- 
golian idiocy, which is a type of mental deficiency owing probably to ab- 
normal secretion of the thyroid gland, may also have an hereditary basis. 
Its inheritance has not been definitely determined, but it may be due to a 
recessive gene. A relationship to maternal age at the time of birth and a 
possibility of unknown environmental influence on the thyroid gland have 
also been suggested. The mental condition can be improved, if not definitely 
re.-?tored to normal, by glandular treatment provided it is applied con- 
tinuously from a very early age; this would be without effect on the pre- 
.«umed hereditary background of the glandular defect, 

Fecble-mindedncss has been studied in many attempts to determine 
whether it is based on inheritance. Gne stuily revealed an impressive num- 
bei’ of ft'eble-miuded children in families when one or both parents showed 
various nnmtal or nervous defects. Another investigator in comparing the 
sibs. that is. brothers and sisters, of feeble-minded and the general popula- 
tion found 31.0 per rent feeble-minded among the former and only 0.59 
per cent in the general population. Studies of feeble-mindedness in twins add 
further support to the hereditary determination of this mental condition. 
In one 'tudy, 'JOO twin jiairs were tested. Among 100 of these, which were 
members of muno;/ygofic twin pairs and thus had the 'ame genetic con- 
.'litutioii. there was a feeble-minded twin in SS cases and a normal twin in 
the reniainina 12. Thi- shows a high degree of conformity. In 100 dizygotic 
twin pair-, in which a feeble-minded member was reported, 7 had a feeble- 
minded Twin and 03 had a normal twin. This difference in the incidence of 
feeble-miudedness in the two kinds of twins is interpreted as indicating that 
heredity i- a potent source of feeble-mindedness. 

INHEHITANC t: OF FEEBLE-MINDEDNESS. It is likely that no 
single type of heredity determines all kind- of feeble-mindedness. One 
lieri'ditary fai'tor. sometimes two or more, sometimes dominant and some- 
timt's recessive factor-, anil even -ex-linked genes have been .-ugaested by 
rarioii- student- a.- conilitioning feeble-mindedne— . The grade of feeble- 
mindedne-s is nor always the -ame in familic- Sliahtly defective parent- 
may have imbecile or idiot children. Where the inheritance i- rece--ive, the 
like'.ihoiid of the appearance of the condition i- perpenuillv pre-cut .V 
heteriizygous carrier oi the recessive gene will be likeiv to have feeble- 
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minded children when mated to another heterozygous carrier of the same 
gene. But, from a mating to a normal person without the recessive state, the 
children are likely to be normal. These recessive genes, however, are carried 
on through successive generations, ready to expre.ss themselves at any 
time when they are paired with other recessive genes for the conditions. 

INHERITAXCE OF EPILEPSY. A common impairment of the 
central nervous system is expressed in epilepsy. A study by Lennox indicated 
that 0.5 per cent of the American population has temporary lapses or {its. 
Twelve per cent are thought to carry genes for epilepsy without >howiiig the 
sj'mptoms. Some students distinguish between genuine and symptomatic- 
epilepsy, implying that some epileptic conditions may have their origin in 
nongenetic causes such as embryonic injury, infantile illness, or various 
toxins or traumatisms. Because no simple iNlendelian ratios have been con- 
firmed in epilepsy and because mortality among epileptics is high, the con- 
ditions may be related to recessive genes, perhaps sec'eral. 

INHERITAXCE OF INSANITY. Though this subject, too, has been 
largely investigated, much remains to be learned. The manic-depressive 
psychosis, showing itself in alternating phases of extreme excitation or even 
violence and severe depres.sion, is attributed to a single dominant gene. The 
type of insanity described as schizophrenia is also said to have a genetic 
basis. Explanations vary from postulates of a single rece.ssive gene with 
partial penetrance to a two-gene theory, a single dominant or a multiple 
gene base. Possibly in the case of dementia praecox, certain environmental 
factors may act with a genetic base to evoke the condition. 

Conclusion on Human Heredity 

The real difficulty in the way of securing adequate information about 
human heredity is the lack of controlled experiments and the extreme 
complexity of heredity in organisms so diverse and specialized as man. In 
mo.st genetic research with the lower animals and with plants, the experi- 
ment is set up to yield a certain type of data. In human beings such experi- 
ments are impossible. Data must be taken from famihes found in the general 
population (Fig. 202). The generations must be read backward. The- current 
generation may be regarded as the F>. in which case the immediate pan-iits 
are the Fi and the grandparents the Pi generations. Or the current genera- 
tion may be considered the Fi resulting from the mating in the past genera- 
tion of two parents with contra.sting traits. In this case the F> would be 
sought in the following generation, 25 or more _vears in the future. Popula- 
tion genetics provides a most hopeful technique for further research in 
human genetics (pp. 312-3261. 

The complexity of heredity must be stressed. lMo:^t human beings are 
heterozygous for a great many genes. When it i^ realized that the number 
of genes known in certain of the lower organism,' has been expande<l to two 
or three thousand in some cases and that the^e do not compri'c all the 
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sif;iic'(l III]' this rli.'ii'l-. snliii lil.’ii'k successful lender ill polilies; qunrt(‘i'-(loUed = e.xirn tliunih lui rin'lit Imiid; lj,l = 
|ji"lily Miei'cssliii :iu(lini': li,d -- little or no lit.ernry alidiiy; erosslmteiieil = sujierior in vocal music. (Modilied aftor 
I iilernat ional ( 'oiiiiiiission on I'iiieenies, Ironi Ilt ndili/.) 







IXHERITAXCE OF MEXTAL TRAITS IX HOIAX BEIXGS 


513 


genes, it can be understood that there must be thousands of genes deter- 
mining human characteristics. Even 10 pairs of alleles can produce or 
59,049 different recombination types, according to Haldane. Thousands of 
genes can, therefore, produce a staggering number of \-ariations. To clear 
up the background of these variations is a stupendous task. Nevertheless, a 
start has been made. As mentioned above, more than a hundred pairs of 
alleles are recognized in human beings, but the total number almost cer- 
tainly runs into thousands, perhaps even tens of thousands 

Questions and Problems 

1. Xaine some of the physical ti-aits in human beings for which iiihei-itance has 
been studied. 

2. What kind of factors enter into the determination of .stature in man? Do these 
factors have any relation to the type of graph which can be de\-eloped frijni 
height measurements in human iropulations? 

3. What e.x'planation can be offered for the facts that shoit parents smnptimcs have 
children taller than them.seh'es? 

4. Would you advise any of your friends to marry into a family in vJiich dwarfi.sm 
has a]ipeared? E.xplain your answer. 

5. Is stature in man depeiulent upon inlieritaiice alone? What othei tactois may 
be con.sidered? 

(3. From what is known of its inheiltance in man and that of similar anatomical 
abnormaJities in the lower animals, what may l.ie the e.\j)ectatioii' in the im- 
mediate lu'ogenies should two achondroplastic dwarfs many and have children? 

7. What is the genetic basis of the occurrence of ateleiotic dv arts? 

S. If a man having si.x digits on each haml and foot should marry a normal woman, 
what would be the {los.sibilities as to digit mimbei in theii children'' 

9. How is the trait of .shortened fiiigeis or brachydactyly inherited? 

10. How is albinism inherited? How do yi:>u account for the fact that a normally 
pigmented mail may marry a normally pigmenteil woman ami have albinotic 
children? Why may an alliiiio have iiorniallx' pigmenteil children? 

11. What is the genetic basis ot the iiiginenration cliaracteri.-tn' of tin' Xegio lace? 

12. In racial crosses between white and Xegi'o races, what aie the e.vpectations as 
regal ds color in the Fj generation? 

13. C'aii racial characteristics ol skin and hail be c-xpected to rcappcai iii rluldreii ol 
niixpil marriages? Why? 

14. Why mav the progenies of white and Xegro crosses sometime' 1 ^e neai ly white as 
to pigmentation I'Ut show distinctly kinky hair and Ixegioid lacial naitures? 

15. Ally I.' it ihtiicult to offer simple genetical e.xplauatioii' oi the mlieiitance ot 
hair colors in man? Compare with coat coloi' in animals. 

16. What is the mode of inheritance of hair lorm lesulting in stiaight curly, and 
kinky haii ? 

17. A popular statement is that civilized man ha.' brought baldiic" upon liiiiiseil by 
wearing- tight hat'. Evidence cited for thb i' tli.it few women are i>ald, IVhat may 
be said about this situation? 

IS. DeM-rilje the lactor coiiijile.x underlying the inheiitaiice and ilevelopmeiit oi eye 
'•oloi' in human beings. 

19. How are the genes conditioning red-green colnr bliniiiie'> caiiieil tioin one 
generation to anothei ? 5Vhy is it mine nkely that a man inheiit' i-i.lor iliiidup" 
from hi.s mother's family than from hi^ father s side oi the la cjse 
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20. Diagram the situation showing the urogeiiie.s of a color-blind father and a woman 
with normal vision. What i.s the genetic condition in their sons and daughters? 
Assume that these smis and daughters each inaiT>' persons with normal vision. 
What results may be expected in their children? 

21. Xante other defects of vision known to have a physical basis in heredity. 

22. What ear conditions may be e.xpected in the children of deaf parents? 

23. Are first-cousin mairiages a fundamental cau.se of deaf-mutism? Explain. 

24. Distinguish between tolerance, re.sistance, and immunity in reference to disease. 
2.0. Is a disea.se actually inherited? 

26. What evidence concerning the inheritance of a tendency to the development of 
goitre can be gained from the study of fraternal and identical twins? 

27. Is tuberculosis inheiitcd? What is the relative incidence ot tuberculosis in blood 
brothers and sisters of tuberculous jiatients as compared with brother.s-iii-law 
and sisters-in-law? 

25. Is there any evidence to indicate that the tendency to develop cancer and other 
tyjies of tumors may be mh.ented? Explain. 

29. What is meant by multiple allelisiii? Explain how multiple alleles are involved in 
the inheritance of blooil gioups 

30. Compare the inheritance ot hemophilia in human beings with that of color 
blindness. 

31. \Miat (li.'tinctioiis have p-ychologists made between temperament, character, 
and intelliaeiice? 

32. .\ri“ there variation' in intelligencf' in the general pojiulation? 

33. May high correlation of academic grade' between tatheis and sons be accounted 
tor on any other basi' tliaii hereditv’’ Explain. 

34. Doe.' till' 'tiidy ot corielatiou of intelligence in siblings living in orphanages tend 
to favoi hcicditv oi en\-iioiiiiieiit u' the eliiet luctor m determining intelligence? 

3.') What e\'idence did Cialtou find to indicate that exceptional abilities are in- 
herited? 

3t!. IIow do the data acciiiuulated by E .4 \\ oods indicate the inheritance of ability? 
37. What e.\[ilaiiation may lie ofleted to account tor the liedine in the numbers of 
eminent men eorniiig iioiu the 'o-c,dled lowei l.•la"f.s in Dreat Britain? 

;ls. If then' 1 ' a 'teady decline in tlie prodiicticui ot men of ability in the lower 
cla"e'. wh.it is liable to be the 'i •eiolngfi al effect of a declining birth rate in 
the uppei' c!a"e'? 

39. IIow doc' the evidence irom the eomoarative 'tudies of identical and fraternal 
twill' 'Ilppoi't the theoiy tli.at inteibaenee 1 ' iiiliellted? 

411. hat i' the p'obabie lai-ton.d b.i'i' inr the inheritani'e and development of 

degree' of inteiiigeii. i-’’ 

41. M liat othei ijUid.tic' be'ide' inteiligeni.e aie e-sontial for achievement and 

'Uei'e','.’ 

42. Why !' it ii(."ib'e to 'tmlv the inhem u,, e ot mU'ica! .ibility so surce"fuily? 

43. Doe' the i!;cie,i~e ui oatieiit' 'll rue;, fa.; ho'Oit.d' oiove that detective mentality 

is nicie.i'iiig ill the Enireii .'•t.ite'? 

44. \\ hat ic'ult' may be expet re, i tie leogero- ,,t parents each of which came 

tOUi: a lame'.' Ui V.h. el ,;e-:;i)e, le ot-curifai? 

1 h.it III I V ,oe 1 ,! - To the po^^.i lie he! It a b- ! It y o,' fi 'ilep'y aiid insanity? 
th .4' a geaela, pl.e-t'ce C,,;,,; yi,U I e, ■, , n ; . 1 |,,U'U! Ilial'llage'? 

47. Reviev.- ti e geuei.o to;. I.- o; .iTi.X.ige up. 1 l'c-1 7*1 . 4\ bat I' 'Cx linkage? What is 

4''. Wdiit t'. I'H- ,.r „.x ii-.k.ige ..re re.- .gnize.i ;a human beings? What is the 

ai 1 > — o' r I,..-,, rbo e t;. pi" ' I ii.igi.;!.- t, , si.ow tl.e clii onir,-, ,riial relat ion- 
si. i: ' X.im-- ,’ le I :,a:.!,'t* i.'t., o* t.ael ,,f the'o three types of sex linkage. 

49. 14 hy Is autos.rni.ii linkage a ditfi''uit subject to inve.'tigate in human fieings? 
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50. Investigation.s indicate a crossover value of from 5 to 1.5 per cent, with 10 i)ei- 
cent a.s a close ajijuoximation of the amount of crossing over between henioidiilia 
and given color blindne.ss. Upon tliis basis, what i.s the approximate distance in 
units separating these gene.s on the sex chromosome? 

51. Is the map of the X chromo.some in human beings thought to be long or short? 
Why? 
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